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Editorial

Applications of Nanomaterials in Biomedical Imaging and
Cancer Therapy: 3rd Edition

James C. L. Chow 1,2,3

1 Radiation Medicine Program, Princess Margaret Cancer Centre, University Health Network,
Toronto, ON M5G 1X6, Canada; james.chow@uhn.ca

2 Department of Radiation Oncology, University of Toronto, Toronto, ON M5T 1P5, Canada
3 Department of Materials Science and Engineering, University of Toronto, Toronto, ON M5S 3E4, Canada

Following the success of our first two editions of “Applications of Nanomaterials in
Biomedical Imaging and Cancer Therapy”, this third edition continues to highlight the
rapid evolution of nanotechnology and its transformative impact on biomedical imaging,
targeted therapy, and cancer theranostics [1,2]. The series has consistently provided a
forum for researchers worldwide to showcase innovative nanomaterial-based approaches
addressing some of oncology’s greatest challenges—treatment selectivity, biocompatibility,
and clinical translation.

Building upon the foundations laid in the first and second edition [3,4], which empha-
sized nanoparticle-based imaging modalities, multifunctional composites, and radiation
dose enhancement, this new collection extends the discussion to emerging trends in tumor
microenvironment modulation, responsive nanocarriers, and computational modeling in
nanomedicine. Collectively, the ten contributions in this issue present significant advance-
ments that continue to drive the field toward precision, safety, and clinical readiness.

For innovative nanomaterials in cancer therapy and imaging, Chkair et al. [5] report the
development of hydrophilic, fluorescent organic nanoparticles (FONPs) functionalized with
purpurin-18 for photodynamic therapy (PDT) in colorectal cancer. Their study demonstrates
efficient induction of apoptosis via reactive oxygen species (ROS) generation, highlighting a
promising approach for minimally invasive treatment. In a complementary approach, Snyder
et al. [6] explore the synergistic use of silver nanoparticles (AgNPs) with proteotoxic stress
inhibitors to selectively induce death in triple-negative breast cancer (TNBC) cells. This
work highlights how stress pathway modulation can refine nanotoxicity into a therapeutic
advantage. The paper by Kitamura et al. [7] introduces a tumor microenvironment-responsive
liposomal system incorporating iRGD-conjugated peptides to enhance tissue penetration.
These nanoparticles exhibited Neuropilin-1-mediated tumor targeting, representing a promis-
ing advancement for siRNA and drug delivery deep within tumors. Cakir et al. [8] design
chrysin-loaded micelles synthesized via RAFT polymerization, enabling dual apoptotic path-
way activation in ovarian cancer cells. This multi-functional system combines hydrophobic
drug encapsulation with precise endosomal escape and improved biocompatibility.

Focusing on nanoparticle engineering and mechanistic insights, Quispe Cohaila
et al. [9] describe a green synthesis of biogenic zinc oxide (ZnO) nanoparticles using
Bacillus licheniformis. These nanoparticles exhibit selective cytotoxicity against glioblas-
toma cells while maintaining normal retinal cell viability. Their findings highlight the
promise of microbial nanomanufacturing as a safe and effective strategy for anticancer
agent development. Zimina et al. [10] investigate the magnetically controlled transport of
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nanoparticles using a tumor-on-a-chip model. Their findings reveal how particle size and
coating influence migration dynamics, offering insights for controlled nanoparticle deliv-
ery in dense tumor tissues. Moreover, the use of carbon-encapsulated iron nanoparticles
for molecular MRI imaging of glioma, developed by Stawarska et al. [11], demonstrates
targeted imaging through integrin αvβ3 receptors. This study contributes to non-invasive
diagnosis and image-guided therapy development.

In the realm of modeling, simulation, and quantum-based nanomedicine, Monte Carlo
modeling remains a powerful computational tool. FLASH radiotherapy (FLASH-RT) is
an emerging modality that delivers radiation at ultrahigh dose rates (UHDRs), typically
greater than 40 Gy per second. This technique has attracted significant attention for its
ability to spare normal tissues while maintaining or even enhancing tumor control [12].
Chow [13] offers a comprehensive review of its applications in nanoparticle-enhanced
radiotherapy, nanodosimetry, and the optimization of FLASH-RT. This review bridges com-
putational and clinical nanoscience, emphasizing patient-specific and quantum modeling
strategies for next-generation treatment planning. Kim and Chow [14] further explore this
frontier by quantifying ROS yields around gold nanoparticles under UHDR electron beams.
Their study elucidates nanoparticle–radiation interactions at the nanoscale, providing a
computational foundation for combining gold nanoparticles with FLASH-RT. Moreover,
Sarwat et al. [15] extend nanotechnology applications to ophthalmology through the devel-
opment of hydrophobic silicon quantum dots (Si-QDs) for imaging the tear film lipid layer.
This innovation exemplifies the versatility of nanomaterials beyond oncology, addressing
the imaging challenges in dry eye disease.

The papers featured in this third edition collectively advance our understanding of
how nanomaterials can revolutionize both diagnostic and therapeutic modalities. From pho-
todynamic and radiotherapy enhancement to computational simulation and bio-inspired
synthesis, these studies showcase the interdisciplinary depth and translational potential of
nanotechnology in medicine.

Together with the first and second editions, this ongoing series emphasizes a cen-
tral theme: the convergence of nanotechnology, biology, and computation is pivotal to
advancing precision oncology. As emerging platforms such as tumor microenvironment-
responsive nanoparticles, FLASH-RT optimization, and machine learning-driven nanoma-
terial design continue to mature, the boundary between simulation and clinical application
grows increasingly narrow.

We thank all authors, reviewers, and collaborators for their exceptional contributions
that make this Special Issue a vibrant reflection of nanomedicine’s promise.
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The following abbreviations are used in this manuscript:

FONPs Fluorescent Organic Nanoparticles
PDT Photodynamic Therapy
ROS Reactive Oxygen Species
AgNPs Silver Nanoparticles
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TNBC Triple-Negative Breast Cancer
iRGD Internalizing Arginine–Glycine–Aspartic Peptide
siRNA Small Interfering RNA
RAFT Reversible Addition–Fragmentation Chain Transfer
ZnO Zinc Oxide
MRI Magnetic Resonance Imaging
FLASH-RT FLASH Radiotherapy
UHDR Ultrahigh Dose Rate
Si-ODs Silicon Quantum Dots
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Development of Tumor Microenvironment-Responsive
Nanoparticles with Enhanced Tissue Penetration
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Abstract

Liposomes modified with slightly acidic pH-sensitive peptides (SAPSp-lipo) are effectively
delivered to tumor tissues, followed by cellular uptake in the tumor microenvironment.
Although SAPSp-lipo can penetrate tumor tissues via the interspace route between cancer
cells and the extracellular matrix (ECM), penetration needs to be enhanced to deliver
liposomes into tumor cores comprising malignant cancer cells. To enhance the intratumoral
penetration of SAPSp-lipo, we focused on the internalizing RGD peptide (iRGD), which
can penetrate tumor tissue, differing from the penetration mechanism of SAPSp. In this
study, we developed liposomes modified with iRGD-conjugated SAPSp (SAPSp-iRGD-
lipo). Compared with SAPSp-lipo, SAPSp-iRGD-lipo was delivered to deeper regions
within both spheroids and tumor tissues. The enhanced penetration was suppressed
by a co-treatment with a Neuropilin-1 inhibitor, and the fluorescence signals from intra-
tumorally injected SAPSp-iRGD-lipo were localized in Neuropilin-1-expressing regions,
indicating a Neuropilin-1-mediated tumor penetration. Moreover, SAPSp-iRGD-lipo re-
duced F-actin formation in monolayered cells and was not localized in F-actin-rich regions
in tumors, suggesting that SAPSp-iRGD-lipo facilitates tumor penetration through actin
depolymerization. In addition, anticancer siRNA delivered by SAPSp-iRGD-lipid nanopar-
ticles effectively induced apoptosis in cells under slightly acidic conditions. Taken together,
SAPSp-iRGD-modified nanoparticles represent a novel class of tumor-penetrable and
microenvironment-responsive drug carriers capable of efficient intratumoral delivery and
therapeutic activity.

Keywords: tumor microenvironment; tissue penetration; liposomes

1. Introduction

To achieve effective chemotherapy for solid tumors, it is imperative to develop drug
carriers that can modulate systemic pharmacokinetics and intratumoral and intracellular drug
dynamics [1]. Currently, polyethylene glycol (PEG)-modified carriers, which exhibit extended
circulation times, are extensively employed to passively deliver drugs to tumors through
the enhanced permeability and retention (EPR) effect [2]. However, PEGylated carriers have
limitations, including a low cellular uptake efficiency [3] and the Accelerated Blood Clearance
(ABC) phenomenon upon repeated administration [4]. This necessitates the development of

Nanomaterials 2025, 15, 1695 https://doi.org/10.3390/nano152216954
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alternative PEG-free delivery systems. In contrast, cationic carriers, which demonstrate a high
cellular uptake efficiency, tend to interact with biological components in the bloodstream,
leading to reduced circulation times and suboptimal tumor accumulation [5].

Liposomal formulations have been extensively investigated as versatile nanocarriers
for improving drug delivery efficiency. Previous comprehensive reviews have summarized
their composition, preparation methods, and physicochemical properties that influence
therapeutic performance [6]. More recently, advances in liposome-based nanocarriers for
targeted and controlled delivery were highlighted by Alavi et al. [7], underscoring the
continuing evolution of liposome technologies. These studies provide the foundation
for the development of pH- and peptide-responsive liposomal systems explored in the
present work.

In our previous study, we developed an innovative liposomal carrier modified with a
slightly acidic pH-sensitive peptide (SAPSp) [8–10]. This carrier is engineered to respond
to a slightly acidic tumor microenvironment by altering its surface charge from negative to
positive. At physiological pH, SAPSp-modified liposomes (SAPSp-lipo), which possess
a negative surface charge, accumulate in tumors, similar to PEGylated liposomes (PEG-
lipo) [8]. When exposed to the slightly acidic conditions present within tumors, the surface
charge becomes positive, thereby facilitating an enhanced cellular uptake and the efficient
cytoplasmic delivery of encapsulated drugs [8].

Furthermore, SAPSp-lipo infiltrates tumors through the cell–extracellular matrix
(ECM) pathway by inducing actin depolymerization in cancer cells [10]. Nonetheless,
its intratumoral penetration remains inadequate for the effective delivery to deeply sit-
uated cancer cells, suggesting the need for further enhancements. Recent studies have
introduced various strategies to enhance tumor penetration through the physicochemical
and biological modulation of nanocarriers, including charge conversion and the use of
tissue-penetrating peptides. In particular, the conjugation of iRGD peptides or related
CendR motifs can significantly enhance tumor penetration and drug delivery efficiency [11–
13]. Incorporating these concepts, the present work aims to design SAPSp-iRGD-lipo
as a dual-function carrier that integrates pH responsiveness and iRGD-mediated tissue
penetration. Upon proteolytic cleavage within the tumor microenvironment, iRGD re-
veals its CendR motif, which subsequently binds to and activates neuropilin-1 (NRP-1),
initiating trans-tissue transport [14–16]. The present study introduces the novel concept
of a dual-functional peptide-modified liposome (SAPSp-iRGD-lipo) that integrates the
pH-responsive behavior of SAPSp with the NRP-1-mediated tumor-penetrating ability of
iRGD. This design enables a dynamic adaptation to the tumor microenvironment, allowing
for both efficient blood circulation and deep tumor penetration—overcoming the inherent
trade-off between stability and permeability observed in conventional liposomal systems.

In this study, we developed SAPSp-iRGD-modified liposomes (SAPSp-iRGD-lipo) and
investigated their tissue-penetrating capabilities and pH-responsive characteristics. Further-
more, we encapsulated antitumor siRNAs within SAPSp-iRGD-modified lipid nanoparticles
(SAPSp-iRGD-LNPs) and evaluated their cytotoxic efficacy against cancer cells.

2. Materials and Methods

2.1. Materials and Animals

The mouse melanoma cell line B16−F1 and human melanoma cell line A375 were
obtained from DS Pharma Biomedical Co., Ltd. (Osaka, Japan). Human colorectal ade-
nocarcinoma Caco-2 cells were obtained from the RIKEN BioResource Research Cen-
ter (Ibaraki, Japan). Egg phosphatidylcholine (EPC; Product No. available upon re-
quest NOF Corporation) was purchased from the NOF Corporation (Tokyo, Japan).
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1,2-Dioleoyl-3-trimethylammonium propane (DOTAP; Product No. 890890P), 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE; Product No. 850725P), and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE; Product
No. 810150P) were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Matrigel®

Matrix Basement Membrane Phenol-Red Free was purchased from Corning Life Sci-
ences (Tewksbury, MA, USA; Product No. 35623). Fluorescent dyes, including 3,3′-
Dioctadecyl-5,5′-Di (4-Sulfophenyl) Oxacarbocyanine, Sodium Salt (DiO; product No.
D7778), LysoTracker Green DND-26 (product No. L7526), Alexa Fluor® 594 F(ab’)2

fragment of rabbit anti-goat IgG (H+L) (product No. A11080), and Alexa Fluor® 488
goat anti-rabbit IgG, were obtained from Invitrogen (product No.A11008) (Carlsbad, CA,
USA). Goat anti-Neuropilin-1 antibody was purchased from R&D Systems (Minneapo-
lis, MN, USA; product No. AF556), and rabbit anti-ZO-1 IgG was obtained from Santa
Cruz Biotechnology (Dallas, TX, USA; product No. sc-10804). Rhodamine phalloidin
was purchased from Cytoskeleton, Inc. (Denver, CO, USA; product No. PHDR1). DiR
(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide) was purchased from
PerkinElmer (XenoLight DiR, product No. 125964; Revvity Inc., Boston, MA, USA).
Stearylated peptides, including SAPSp (stearyl-GGGGHGAH-EHAGHEHAAGEHHAHE-
NH2), iRGD (stearyl-GGGG(C)RGDKGD(C), circularized at cysteine), and SAPSp-iRGD
(stearyl-GGGGHGAH-EHAGHEHAAGEHHAHEGGGG(C)RGDKGD(C), circularized at
cysteine), were synthesized by Scrum, Inc. (Tokyo, Japan). Anti-luciferase siRNA (5′-
GCGCUGCUGGUGCCAACCCTT-3′, 5′-GGGUUGGCACCAGCAGCGCTT-3′) and anti-
human KIF11 siRNA (5′-CUGAAGACCUGAAGACAAUTT-3′, 5′-AUUGUCUUCAGGU
CUUCAGTT-3′) were synthesized by Invitrogen. Five-week-old male Hos:HR-1 hairless
mice and BALB/cSlc-nu/nu mice were purchased from Sankyo Labo Service Corporation,
Inc. (Tokyo, Japan). All animal procedures were conducted in accordance with the insti-
tutional guidelines for the care and use of laboratory animals and were approved by the
Institutional Animal Care and Use Committee (IACUC) of Musashino university (Approval
No. [08-A-2024 and 08-A-2025]). Anesthesia was performed using sodium pentobarbital,
and all efforts were made to minimize the suffering of the animals.

2.2. Preparation of Liposomes and Lipid Nanoparticles

Liposomes were prepared using a simple hydration technique, as described previ-
ously [10,17]. EPC and DOTAP, dissolved in ethanol, were combined at a molar ratio
of 7.6:1 and subsequently dried under nitrogen gas to form lipid films. The films were
hydrated with PBS(–) (final lipid concentration: 10 mM) and subjected to sonication using
a bath-type sonicator. Surface modification was achieved by incubating the liposomes with
5 mol% stearylated SAPSp, iRGD, or SAPSp-iRGD for 30 min, resulting in SAPSp-lipo,
iRGD-lipo, and SAPSp-iRGD-lipo, respectively. Lipid nanoparticles (LNPs) were prepared
using the butanol dilution method, as described previously [18]. EPC, DOTAP, and DOPE
were mixed at a molar ratio of 5.6:1:2. siRNA was diluted in RNase-free water, added
under vortexing, and rapidly diluted in 2 mL citrate buffer. The resulting suspension was
filtered using Amicon® Ultra-15 Centrifugal Filter Units (Ultracel®-100K, Merck Millipore
Ltd., Burlington, MA, USA) with 7 mL PBS(–) and centrifuged at 1000× g for 15 min. The
flow-through was discarded, and the retentate was washed with 10 mL PBS(–) through a
second centrifugation (25 min, 1000× g). SAPSp-iRGD modification was accomplished by
a 30 min incubation with 5 mol% stearylated SAPSp-iRGD. The encapsulation efficiency of
siRNA was quantified using the RiboGreen® Assay (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The particle size and zeta potential were measured using a Zetasizer Nano
(Malvern Instruments Ltd., Malvern, Worcestershire, UK).
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2.3. Spheroid Penetration of Liposomes

A375 cells were cultured in DMEM supplemented with 10% FBS and 1% Matrigel®

in 96-well NanoCulture Plates (SCIVAX Life Sciences, Kanagawa, Japan) for 96 h under
humidified 5% CO2 at 37 ◦C to facilitate spheroid formation [10]. Subsequently, the
spheroids were transferred to PLL-coated glass-bottom dishes and incubated in DMEM
with 10% FBS for an additional 24 h. Following washing with PBS(–), the spheroids were
treated with DiD-labeled SAPSp-lipo, iRGD-lipo, or SAPSp-iRGD-lipo in a medium at
pH 7.4 for 24 h and then fixed with 4% paraformaldehyde. Samples were mounted using
VECTASHIELD® with DAPI (Vector Laboratories, Inc., Newark, CA, USA) and examined
using a confocal laser scanning microscope (CLSM; Nikon Corporation, Tokyo, Japan).
Fluorescence intensity profiles were generated across the x–y planes at a depth of 4 μm
using the NIS-Elements software (version 5.42.01; Nikon Corporation, Tokyo, Japan) [10].
To evaluate Neuropilin-1-mediated penetration, spheroids were pretreated with 30 μM
EG3287 prior to treatment with DiO-labeled liposomes.

2.4. Immunofluorescent Staining of Neuropilin-1 in Tumors

B16-F1 cells (3.5 × 106 cells) were combined with Matrigel at a 5:1 ratio and sub-
cutaneously injected into the dorsal skin of 5-week-old hairless mice, as previously de-
scribed [19,20]. Eight days after inoculation, when the mean tumor volume reached
280 mm3, DiO-labeled liposomes (50 μL) were administered into the tumor. After a 5 h
interval, the tumors were excised, embedded in an OCT compound, and cryosectioned
at a thickness of 16 μm using a LEICA CM 1100 (Leica Biosystems, Nussloch, Germany).
The sections were fixed with 4% paraformaldehyde, permeabilized with PBS containing
1% Triton X-100, and blocked with Protein Block ((Dako, Agilent Technologies, Santa
Clara, CA, USA). Subsequently, the sections were incubated overnight at 4 ◦C with an
anti-Neuropilin-1 antibody, followed by staining with an Alexa Fluor® 594 secondary
antibody (Invitrogen™, Thermo Fisher Scientific Inc., Waltham, MA, USA) at 4 ◦C for
1 h. The sections were mounted using DAPI-containing VECTASHIELD® and visualized
using CLSM.

2.5. Actin Staining in Cells and Tumor Tissue

A375 cells were seeded onto poly-L-lysine (PLL)-coated chamber slides at a density of
3 × 104 cells per well. Following a wash with PBS(–), the cells were exposed to SAPSp-lipo,
iRGD-lipo, or SAPSp-iRGD-lipo in a pH 7.4 medium for one hour. For in vivo analysis,
DiO-labeled liposomes were administered into the tumor tissue (50 μL), and the tumors
were excised five hours post-injection, embedded in OCT, and cryosectioned to a thickness
of 16 μm. Both cellular and tissue samples were fixed with 4% paraformaldehyde, perme-
abilized with 1% Triton X-100, and stained with rhodamine phalloidin according to the man-
ufacturer’s instructions. Samples were mounted with DAPI-containing VECTASHIELD®

and analyzed using CLSM to observe actin polymerization.

2.6. ZO-1 Immunostaining

Caco-2 cells were seeded at a density of 2 × 105 cells/well onto 0.002% poly-L-lysine
(PLL)-coated 8-well chamber slides and incubated at 37 ◦C for 5 days, with medium changes
every other day using Caco-2 Monolayer Formation Medium (Oriental Yeast Co., Ltd.,
Tokyo, Japan). After washing with PBS(−), the cells were treated with SAPSp-iRGD-lipo
and incubated at 37 ◦C for 3 h. Following treatment, the cells were fixed with cold methanol,
permeabilized with 1% Triton X-100, and blocked with 5% fetal bovine serum (FBS) in
0.1% Triton X-100/PBS(−) for 1 h at room temperature. After washing, the cells were
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incubated overnight at room temperature with a primary antibody solution containing
rabbit polyclonal anti-ZO-1 IgG (4 μg/mL). Cells were then washed three times with 0.1%
Triton X-100/PBS(−) and incubated with the secondary antibody, Alexa Fluor® 488 goat
anti-rabbit IgG (2 μg/mL), for 1 h at 37 ◦C in the dark. Finally, the samples were washed
three times with 0.1% Triton X-100/PBS(−) and three times with ultrapure water, mounted
with Vectashield® Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA,
USA), and observed using CLSM.

2.7. Measurement of Transepithelial Electrical Resistance (TEER) in Caco-2 Cell Monolayers

Caco-2 cells were seeded onto 24-well cell culture inserts at a density of 6 × 104 cells/insert
and cultured with Caco-2 Monolayer Formation Medium (Oriental Yeast Co., Ltd., Tokyo,
Japan). The culture medium was replaced every other day until the transepithelial electrical
resistance (TEER) exceeded 500 Ω/cm2, indicating the formation of a tight monolayer.
Subsequently, SAPSp-iRGD-lipo was added to the apical side of the monolayers, and TEER
values were measured at 0, 10, 30, 60, and 180 min using a Millicell® ERS-2 Volt-Ohm Meter
(Merck Millipore, Darmstadt, Germany). As a positive control, EDTA treatment was used
to induce tight junction disruption.

2.8. Biodistribution of Intravenously Administered Liposomes in Tumor-Bearing Mice

A suspension containing A375 cells (2 × 106 cells/mouse) mixed 1:1 with Matrigel®

Basement Membrane Matrix (Corning Incorporated, Corning, NY, USA) was subcuta-
neously injected into the flank of BALB/cSlc-nu/nu mice. Eleven days after implantation,
when the tumor volume had reached approximately 100 mm3, DiR-labeled liposomes
(1 mol% DiR; total lipid dose, 1 μmol/mouse) were administered via the tail vein. In vivo
biodistribution at 1 h and 24 h post-injection was assessed using the IVIS Lumina LT In
Vivo Imaging System (PerkinElmer, Inc./Revvity Inc., Boston, MA, USA). Fluorescence
intensities of the whole body and tumor regions were quantified using the system software.
In addition, plasma samples collected at 1 h and 24 h after injection were diluted at least 50-
fold with ethanol, and the fluorescence intensity of DiR was quantified using a microplate
reader (Infinite M Plex, Tecan Group Ltd., Männedorf, Switzerland).

2.9. Cell Association and Intracellular Trafficking of Liposomes

B16-F1 cells (5 × 104 cells/well) were incubated with rhodamine-labeled liposomes
in serum-free medium at varying pH levels. Following a 1 h incubation at 4 ◦C, surface-
bound liposomes were evaluated using flow cytometry. For trafficking analysis, cells were
cultured in poly-L-lysine (PLL)-coated glass-bottom dishes and incubated with rhodamine-
labeled liposomes at 37 ◦C. After 1 h, the endosomes/lysosomes and nuclei were stained with
LysoTracker Green DND-26 and Hoechst 33342 (Invitrogen™, Thermo Fisher Scientific Inc.,
Waltham, MA, USA), respectively, and intracellular localization was analyzed using CLSM [8].

2.10. Evaluation of Cell Death

A375 cells (2.5 × 103 cells/well) were seeded into poly-L-lysine (PLL)-coated 8-well
chamber slides and incubated for 24 h. Following a wash with PBS(–), DMEM(–) was
adjusted to pH 7.4, 6.5, or 6.0. SAPSp-iRGD-LNPs encapsulating KIF11 siRNA (final
concentration 100 nM; 30 pmol/well) were used, with Lipofectamine 2000 serving as a
positive control. After a 4 h incubation period, the medium was replaced with complete
DMEM(+), and the cells were incubated for an additional 92 h. The cells were then fixed
with 4% paraformaldehyde, washed, and mounted using VECTASHIELD® with DAPI.
Cell death was evaluated using CLSM.
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2.11. Statistical Analysis

Statistical analyses were conducted using one-way ANOVA, followed by Tukey–
Kramer HSD post hoc tests. Statistical significance was set at p < 0.05.

3. Results and Discussion

3.1. Comparison of Spheroid Penetration Between SAPSp- and SAPSp-iRGD-lipo

As shown in Table 1, the particle size of SAPSp-iRGD-lipo was approximately 100 nm.
The surface charge of SAPSp-iRGD-lipo was measured as -15 mV at pH 7.4, which changed
to −5.5 mV at pH 6.5. Similarly to SAPSp-lipo, the surface charge of SAPSp-iRGD-lipo
transitioned from negative to near neutral under mildly acidic conditions. These findings
indicate that the conjugation of the iRGD peptide sequence to SAPSp via a glycine linker
does not compromise the pH-responsive charge-reversal capability of SAPSp [8].

Table 1. Physicochemical properties of SAPSp-iRGD liposomes.

pH Particle Size (nm) Polydispersity Index ζ-potential (mV)

7.4 103 ± 12 0.262 ± 0.001 −15 ± 1.8
6.5 103 ± 11 0.341 ± 0.016 −5.5 ± 1.3

Given that the internal microenvironment of spheroids can vary depending on the
cell line employed, we assessed the internal environment of spheroids composed of either
A375 or B16-F1 cells using a Hypoxia Probe. This probe demonstrated oxygen-dependent
fluorescence quenching, with the fluorescence intensity being indicative of the oxygen
concentration [21]. As depicted in Supplementary Figure S1, spheroids composed of A375
cells were more compact than those composed of B16-F1 cells and exhibited a stronger
fluorescence of the Hypoxia Probe in their cores than in their peripheries. In addition,
although detailed quantitative data on the ECM density of A375 tumors have not been
reported, our spheroid model revealed that A375 spheroids exhibited a larger hypoxic core
compared with B16-F1 spheroids (Figure S1). Since hypoxia is known to promote ECM
remodeling and stiffening through the upregulation of collagen crosslinking enzymes such
as lysyl oxidase and prolyl hydroxylase [22,23], this finding suggests that A375 tumors
may possess a denser ECM microenvironment than B16-F1 tumors. Consistently, previous
histological studies have reported a prominent collagen I and fibronectin deposition in
A375-derived melanoma tissues [24,25], supporting the notion that A375 tumors exhibit a
highly fibrotic and mechanically stiff ECM.

Based on these observations, we used A375 cell-derived spheroids, which formed
more compact structures, to evaluate the spheroid penetration of iRGD-lipo and SAPSp-
lipo. In spheroids treated with iRGD-lipo, red fluorescence signals from the liposomes were
observed even in the central region, suggesting that iRGD modification enhanced spheroid
penetration (Figure 1A). Conversely, in spheroids treated with SAPSp-lipo, the liposomes
remained localized near the peripheral region (Figure 1A). However, the spheroids treated
with SAPSp-iRGD-lipo also exhibited red fluorescence signals in the central regions, similar
to those observed following iRGD-lipo treatment (Figure 1A).

The semi-quantitative analysis based on CLSM images revealed that SAPSp-iRGD-lipo
was more widely distributed in the core of the spheroid than SAPSp-lipo (Figure 1B). Even
when evaluated using B16-F1 cell-derived spheroids, which form looser structures, SAPSp-
iRGD-lipo penetrated deeper than SAPSp-lipo (Supplementary Figure S2). Collectively,
these findings suggest that SAPSp-iRGD-lipo demonstrates superior spheroid penetration
compared to SAPSp-lipo.
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Figure 1. Spheroid penetration of iRGD-lipo and SAPSp-lipo. (A) Spheroids composed of A375
cells were treated with DiD-labeled iRGD-lipo, SAPSp-lipo, or SAPSp-iRGD-lipo and subsequently
observed after 24 h using CLSM. Blue: nuclei (DAPI); red: liposomes (DiD). Scale bar: 100 μm.
(B) A quantitative comparison of the spheroid penetration capability at pH 7.4 between SAPSp-lipo
and SAPSp-iRGD-lipo was conducted using CLSM images of each sample in the x-y plane of three
spheroids. The fluorescence distribution (%) of SAPSp-lipo and the total fluorescence intensity
of SAPS-iRGD-lipo (white column) and SAPSp-iRGD-lipo (black column) in the x-y plane were
determined at specified constant intervals (%) against the total fluorescence intensity on a line from
a certain marginal region to the contralateral marginal region using a plot profile analysis. Data
are presented as the mean ± SD from three spheroids. Distance (%) represents the relative position
within the spheroid, where 50% corresponds to the spheroid core, and values smaller or larger than
50% indicate regions closer to the periphery.

3.2. Involvement of Neuropilin-1 in the Penetration of SAPSp-iRGD-lipo

The iRGD peptide facilitates tissue penetration by activating Neuropilin-1 [26]. To deter-
mine whether the enhanced penetration of SAPSp-iRGD-lipo was due to iRGD conjugation,
we assessed spheroid penetration in the presence of a Neuropilin-1 inhibitor. A co-treatment
with the NRP-1 inhibitor EG3287 markedly suppressed the penetration of both iRGD-lipo and
SAPSp-iRGD-lipo into the spheroids (Figure 2A and Supplementary Figure S3). In contrast,
the penetration of SAPSp-lipo was unaffected by the inhibitor. These findings indicate that the
enhanced spheroid penetration of SAPSp-iRGD-lipo is mediated, at least in part, by an NRP-
1-dependent mechanism. To further validate the involvement of NRP-1 in tissue penetration
in vivo, we examined the correlation between the liposome distribution and NRP-1 expression
following intratumoral injection in tumor-bearing mice. As shown in Figure 2B, both iRGD-
lipo and SAPSp-iRGD-lipo exhibited green fluorescence signals that were predominantly
localized in regions with a high NRP-1 expression. A quantitative co-localization analysis
revealed Pearson’s correlation coefficients of 0.464 and 0.442, respectively, indicating a moder-
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ate yet specific molecular interaction between the iRGD motif and NRP-1-expressing tumor
regions. Collectively, these results demonstrate that the enhanced penetration of SAPSp-iRGD-
lipo arises from its NRP-1-mediated, pH-responsive dual functionality, integrating active
tumor targeting via iRGD with the pH-dependent charge conversion properties conferred by
the SAPSp segment. This dual mechanism likely contributes to the improved intratumoral
diffusion observed in both spheroid and tumor models.

Figure 2. Relationship between the tissue penetration of SAPSp-iRGD-lipo and Neuropilin-1. (A) Ef-
fect of Neuropilin-1 inhibitor on the spheroid penetration of SAPSp-iRGD-lipo. Spheroids composed
of A375 cells were pre-incubated with the Neuropilin-1 inhibitor EG3287 (final concentration: 30 μM)
for 30 min. Subsequently, DiO-labeled iRGD-lipo, SAPSp-lipo, or SAPSp-iRGD-lipo was added, and
spheroids were observed after 24 h using CLSM. Blue: nuclei (DAPI); green: liposomes (DiO). Scale
bar: 100 μm. (B) Intratumoral distribution of Neuropilin-1 expression and liposomes. DiO-labeled
iRGD-lipo or SAPSp-iRGD-lipo was locally administered into tumors. After 5 h, the tumors were
excised, fixed with 4% formaldehyde, and subjected to immunostaining, followed by CLSM. Blue:
nuclei (DAPI); green: liposomes (DiO); red: Neuropilin-1 (Alexa Fluor 594). Scale bar: 20 μm.

3.3. Involvement of Actin Depolymerization in the Tissue Penetration of SAPSp-iRGD-lipo

In our previous study, we demonstrated that SAPSp-lipo facilitates tissue penetration
by inducing actin depolymerization [10]. To ascertain whether actin depolymerization
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contributed to the enhanced tissue penetration of SAPSp-iRGD-lipo, we investigated actin
dynamics in a monolayer culture system.

Actin depolymerization was indicated by a reduction in the red fluorescence of F-actin
staining. Consistent with prior findings [10], treatment with SAPSp-lipo resulted in a
significant reduction in F-actin fluorescence compared to that in untreated cells, confirming
its actin depolymerizing activity. Similarly, SAPSp-iRGD-lipo treatment led to a notable
decrease in F-actin staining, suggesting that SAPSp-iRGD-lipo retained the actin depoly-
merizing activity of SAPSp-lipo. Furthermore, we quantified the fluorescence intensity of
F-actin and found that SAPSp-iRGD-lipo treatment induced a stronger reduction in F-actin
compared to SAPSp-lipo or iRGD-lipo alone (Figure 3B). The calculated Bliss Excess was
5.6%, indicating a mild synergistic effect between the SAPSp and iRGD motifs (Table 2).
To distinguish whether this synergistic effect originated from the covalent (chimeric) link-
age of SAPSp and iRGD or from a simple physical combination, we prepared additional
liposomes co-modified with SAPSp (5 mol%) and iRGD (5 mol%) without covalent link-
age. Their physicochemical properties are summarized in Supplementary Table S1. The
ζ-potentials of these co-modified liposomes remained nearly neutral at both pH 7.4 and
pH 6.5, contrasting with the pH-dependent charge reversal observed in SAPSp-iRGD-lipo,
which shifts from negative (pH 7.4) to positive (pH 6.5). These results indicate that the
chimeric linkage between SAPSp and iRGD is essential for integrating pH responsiveness
and tumor-penetrating ability within a single molecular design.

Figure 3. Actin depolymerization induced by SAPSp-iRGD in monolayered cells. A375 cells were
exposed to liposomes for 1 h, followed by F-actin staining and observation using CLSM. (A) Represen-
tative fluorescence images. Blue: nuclei (DAPI); red: F-actin (rhodamine-phalloidin). Scale bar = 10 μm.
(B) Semi-quantitative analysis of F-actin fluorescence intensity per cell. Each circle represents the fluores-
cence intensity of an individual cell, and the red bar indicates the mean value. n = 20, **** p < 0.0001.
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Table 2. Comparison between observed and Bliss-predicted actin depolymerization efficiencies
following liposome treatments.

Treatment Mean % Bliss-Predicted Bliss Excess Interaction

SAPSp-lipo 37.2 - - -
iRGD-lipo 31.1 - - -

SAPSp-iRD-lipo 62.3 56.7 +5.6 Mild synergy

To evaluate the role of actin depolymerization in the in vivo tissue penetration of SAPSp-
iRGD-lipo, we analyzed its distribution in tumor-bearing mice following intratumoral in-
jection. Similarly to SAPSp-lipo, SAPSp-iRGD-lipo exhibited a preferential diffusion into
tumor regions characterized by a low F-actin expression (Figure 4). To further investigate the
spatial relationship between liposomal localization and the actin cytoskeleton, we analyzed
the co-localization between F-actin and each liposome formulation. The Pearson’s correlation
coefficients were 0.218 ± 0.021 for SAPSp-lipo, 0.247 ± 0.028 for iRGD-lipo, and 0.257 ±
0.029 for SAPSp-iRGD-lipo, confirming the reduced spatial overlap between F-actin and
SAPSp-iRGD-lipo (Table 3). These results support the notion that actin depolymerization
contributes to the enhanced tissue penetration of SAPSp-iRGD-lipo. In conjunction with
the results presented in Figures 2–4, these findings indicate that SAPSp-iRGD-lipo achieves
substantial tissue penetration through the synergistic mechanisms of SAPSp-mediated actin
depolymerization and iRGD-mediated, Neuropilin-1-dependent transcytosis [15,16].

Figure 4. Relationship between intratumoral localization of liposomes and F-actin expression. SAPSp-
lipo, iRGD-lipo, and SAPSp-iRGD-lipo were labeled with DiO and locally administered to tumor
tissues. After 5 h, tumors were excised, fixed with 4% formaldehyde, and stained with rhodamine-
labeled phalloidin for observation using CLSM. Blue: nuclei (DAPI); green: liposomes (DiO); red:
F-actin (rhodamine-phalloidin). Scale bar = 20 μm.

Table 3. Evaluation of the co-localization between intratumoral distribution of various liposomes
and F-actin-stained regions.

SAPSp-lipo iRGD-lipo SAPSp-iRGD-lipo

Pearson’s correlation
coefficient

0.218 ± 0.021 0.247 ± 0.028 0.257 ± 0.029
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3.4. Effect of SAPSp-iRGD-lipo on the Intercellular Barrier

The penetration of nanoparticles into tissues typically occurs via two principal routes:
the paracellular pathway, which involves a movement through intercellular gaps, and
transcytosis, which entails a passage through the cells [27,28]. Owing to the technical
challenges associated with the direct and quantitative assessment of the contribution of
transcytosis, our investigation focused on evaluating the role of the paracellular pathway
in the penetration of SAPSp-iRGD-lipo. For nanoparticles to navigate tissues via the para-
cellular route, intercellular junctions must open. To determine whether SAPSp-iRGD-lipo
induced the opening of intercellular junctions, we measured the transepithelial electrical
resistance (TEER) in Caco-2 monolayers [29]. The results indicated no significant changes
in TEER following treatment with either SAPSp-lipo or SAPSp-iRGD-lipo (Figure 5A),
suggesting that neither formulation compromised the epithelial barrier integrity.

Figure 5. Effect of SAPSp-iRGD-lipo on intercellular barrier. (A) Caco-2 cell monolayers were treated
with either SAPSp-lipo or SAPSp-iRGD-lipo, and alterations in transepithelial electrical resistance
(TEER) were assessed. Data are expressed as percentages relative to the TEER value at 0 min. Data
are presented as mean ± SD (n = 3). Treatment with 50 mM EDTA was used as a positive control.
(B) Caco-2 cell monolayers were treated with either SAPSp-lipo or SAPSp-iRGD-lipo for 3 h. Follow-
ing immunostaining with an anti-ZO-1 antibody, samples were examined using CLSM. Green: ZO-1,
Scale bar: 20 μm.

Furthermore, the disruption of tight junctions correlates with an altered localization of
the tight junction protein Zo-1 [30,31]. Consequently, we performed immunostaining using an
anti-Zo-1 antibody to assess the tight junction morphology. The findings revealed that Zo-1
localization remained consistent after treatment with either SAPSp-lipo or SAPSp-iRGD-lipo
compared to the untreated controls. These results imply that the paracellular pathway does
not constitute a major route for the tissue penetration of SAPSp-iRGD-lipo nanoparticles.
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3.5. Comparison of Biodistribution of Intravenously Administered Liposomes in Tumor-Bearing Mice

To examine whether SAPSp-iRGD-lipo retains its functional properties and systemic
stability in vivo, DiR-labeled liposomes were intravenously administered to tumor-bearing
mice, and their biodistribution was analyzed using an IVIS imaging system. As shown in
Figure 6A–C, SAPSp-iRGD-lipo exhibited a biodistribution pattern similar to that of SAPSp-
lipo. The total fluorescence intensity in mice treated with SAPSp-iRGD-lipo or SAPSp-lipo
was lower than that of PEG-lipo, which served as a long-circulating control, and both formu-
lations accumulated predominantly in the liver. A quantitative analysis of plasma samples
(Figure 6D) revealed that the blood concentrations of SAPSp-iRGD-lipo and SAPSp-lipo were
approximately 20% of the injected dose at 1 h post-injection. Previous pharmacokinetic studies
have shown that anionic liposomes typically retain approximately 10–30% of the injected
dose in the bloodstream at 1 h post-injection, whereas cationic liposomes exhibit much lower
blood levels, often below 10% of the injected dose [32–34]. Consistent with these reports,
the blood retention of SAPSp-iRGD-lipo and SAPSp-lipo falls within the range expected for
anionic liposomes, suggesting that the surface-modified peptides remain stably associated
with the liposomal surface under in vivo conditions. Importantly, both SAPSp-iRGD-lipo and
SAPSp-lipo accumulated in tumor tissues as early as 1 h post-injection, whereas PEG-lipo
showed a gradual tumor accumulation at 24 h. Taken together, these results demonstrate that
SAPSp-iRGD-lipo maintains its in vivo stability and achieves a rapid tumor accumulation
through active targeting driven by pH-responsive surface charge conversion, rather than
passive accumulation via the enhanced permeability and retention (EPR) effect.

Figure 6. Cont.
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Figure 6. Biodistribution of intravenously administered liposomes in tumor-bearing mice. A375
tumor-bearing mice were intravenously injected with DiR-labeled liposomes. In vivo fluorescence
images were acquired at 1 h and 24 h post-injection using an IVIS Lumina LT imaging system.
(A) Representative fluorescence images. White circles indicate tumor regions. (B,C) Quantification of
fluorescence intensities in whole body and tumor regions, respectively, using the system software.
(D) Plasma fluorescence at 1 h and 24 h was measured using a microplate reader. n = 3, * p < 0.05,
** p < 0.01.

3.6. Cytosolic Delivery of Cargo by SAPSp-iRGD-Modified Nanoparticles

Our previous research demonstrated that SAPSp-modified liposomes respond to a
mildly acidic tumor microenvironment, facilitating cargo delivery into the cytosol [8]. To
ascertain whether SAPSp-iRGD-lipo exhibited a pH-responsive cytosolic delivery capability
akin to that of SAPSp-lipo, we examined its cellular uptake and intracellular localization.
As illustrated in Figure 7A, SAPSp-iRGD-lipo displayed a significantly enhanced cellular
uptake at pH 6.5 compared to that at pH 7.4, with the magnitude of this increase comparable
to that observed with SAPSp-lipo [8]. Furthermore, confocal laser scanning microscopy
(CLSM) revealed a minimal red fluorescence (indicative of liposome presence) within
cells at pH 7.4, whereas a pronounced intracellular red fluorescence was observed at pH
6.5, indicating an enhanced uptake under mildly acidic conditions. Importantly, the red
fluorescent signal from SAPSp-iRGD-lipo did not colocalize with endosomal or lysosomal
markers at pH 6.5, suggesting a successful delivery to the cytosol rather than a retention
in endocytic compartments [8]. These findings suggest that SAPSp-iRGD-lipo, similar to
SAPSp-lipo, possesses a pH-responsive cellular uptake and cytosolic delivery capabilities
in mildly acidic conditions.

To further verify whether SAPSp-iRGD modification confers a cytosolic delivery abil-
ity, we prepared lipid nanoparticles (LNPs) encapsulating apoptosis-inducing siRNA and
modified their surfaces with SAPSp-iRGD (SAPSp-iRGD-LNPs). Kinesin family member
11 (KIF11), a motor protein involved in mitosis, plays a significant role in cancer cells by
influencing tumor progression, prognosis, and therapeutic responses [35]. The inhibition
of KIF-11 activates the intrinsic apoptotic pathway [36]. In this study, anti-KIF11 siRNA
was encapsulated in LNPs. As presented in Table 4, SAPSp-iRGD-LNPs encapsulating
either anti-KIF11 or control siRNA exhibited a surface charge shift from negative to positive
as the pH decreased from 7.4 to 6.5, similar to that of SAPSp-iRGD-lipo. Although the
encapsulation efficiencies of anti-KIF11 siRNA (85.0%) and control siRNA (72.7%) differed
slightly, both formulations showed comparable particle sizes and ζ-potentials, indicating
that the physicochemical properties and pH-responsive charge-reversal behavior of SAPSp-
iRGD-LNPs were unaffected by the type of encapsulated siRNA. To eliminate any influence
of encapsulation efficiency on the cytotoxicity results, the siRNA dose was standardized to
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30 pmol per well for both formulations. Therefore, the difference in cytotoxicity observed
in Figure 7C can be attributed to the gene-specific knockdown of KIF11 rather than to vari-
ations in the encapsulation efficiency. Moreover, as depicted in Supplementary Figure S4,
fluorescently labeled siRNA-loaded SAPSp-iRGD-LNPs demonstrated a greater spheroid
penetration than SAPSp-LNPs, indicating that SAPSp-iRGD enhanced tissue penetration
even when conjugated to structurally more rigid LNPs than liposomes. As shown in Fig-
ure 7C, under mildly acidic conditions (pH 6.5 and 6.0), the SAPSp-iRGD-LNP-mediated
delivery of anti-KIF11 siRNA resulted in a significant induction of cell death, whereas
the control siRNA delivery did not induce cell death under these conditions. To further
compare the siRNA delivery performance between SAPSp-LNP and SAPSp-iRGD-LNP,
fluorescently labeled siRNA-loaded nanoparticles were analyzed using CLSM. Both formu-
lations exhibited a markedly enhanced cellular uptake under acidic conditions (pH ≤ 6.5;
Supplementary Figure S5). Notably, the intracellular fluorescence of siRNA delivered by
SAPSp-iRGD-LNP was slightly lower than that of SAPSp-LNP, suggesting a marginally
reduced in vitro delivery efficiency and consequently a weaker gene-knockdown effect.
However, considering that SAPSp-iRGD-LNP demonstrated a superior tissue penetration
in spheroids (Supplementary Figure S4) and tumors, its enhanced intratumoral distribution
is expected to compensate for this minor difference in cellular uptake, potentially yielding
a higher overall antitumor gene-silencing effect in vivo. To further evaluate the therapeutic
potential of SAPSp-iRGD-LNPs, we examined their biodistribution and tumor-delivery
behavior following intravenous administration. As shown in Figure 6, both SAPSp-lipo
and SAPSp-iRGD-lipo achieved an efficient tumor delivery, although their overall accumu-
lation was lower than that of PEG-lipo. These results indicate that SAPSp-based systems
exhibit active targeting properties mediated by their pH-responsive surface charge conver-
sion, yet further optimization of their pharmacokinetic and tumor-delivery profiles will
be necessary to translate their enhanced penetration into a measurable in vivo therapeutic
efficacy. Given these findings, we consider the present results as a foundational step toward
developing an optimized SAPSp-iRGD-LNP formulation capable of demonstrating im-
proved antitumor outcomes in future studies. In comparison with previous reports, various
nanoparticle systems have been developed to enhance intratumoral delivery, including
pH-responsive charge-conversion systems [37,38], tumor-penetrating peptide-modified
carriers [39,40], and integrin-targeting or ECM-degrading approaches [41,42]. These for-
mulations typically rely on either (i) pH-triggered activation or (ii) receptor-mediated
internalization to promote tumor penetration. In contrast, the present SAPSp-iRGD sys-
tem integrates both mechanisms within a single chimeric peptide, combining the slightly
acidic pH-responsive charge reversal of SAPSp with the Neuropilin-1-dependent tissue
penetration of iRGD. This design differs from previously reported systems using mixed
or co-administered peptides [43,44], where cooperative functionality can be limited by a
heterogeneous surface presentation. In our study, SAPSp-iRGD-LNPs exhibited a coordi-
nated pH-responsiveness and active tumor penetration without altering the particle size
or peptide density, demonstrating that the covalent linkage of SAPSp and iRGD yields
a synergistic functionality. Thus, SAPSp-iRGD-LNPs represent a distinct class of dual-
functional, microenvironment-responsive nanocarriers that unify pH-triggered activation
and receptor-mediated penetration, providing a mechanistic bridge to extend existing
tumor penetration strategies.
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Figure 7. Intracellular trafficking and cargo delivery of SAPSp-iRGD-lipo. (A) Cells were exposed to
rhodamine-labeled SAPSp-iRGD-lipo at pH 7.4 or 6.5 for 1 h at 4 ◦C, and the binding of liposomes
to the cells was assessed via flow cytometry. (B) Cells were treated with rhodamine-labeled SAPSp-
iRGD-lipo at pH 7.4 or 6.5 for 1 h at 37 ◦C, and the intracellular distribution of the liposomes was
examined using CLSM. Blue: nuclei (Hoechst 33342); green: endosomes/lysosomes (LysoTracker
Green DND-26); red: SAPSp-iRGD. Scale bar: 10 μm. (C) Induction of cell death through anti-KIF11
siRNA delivery by SAPSp-iRGD-LNPs. Cells were treated with SAPSp-iRGD-LNPs encapsulating
anti-KIF11 siRNA at pH 7.4, 6.5, and 6.0 for 96 h. After fixation with 4% paraformaldehyde, the
nuclei were stained with DAPI and observed using CLSM. Apoptotic cells in the CLSM images were
quantified, and their percentages relative to the total number of cells were calculated. Anti-luciferase
siRNA was used as a control siRNA. Data are presented as mean ± SD. (* p < 0.05; ** p < 0.01;
*** p < 0.001; n = 3).

Table 4. Physicochemical properties of SAPSp-iRGD-LNP encapsulating siRNAs.

siRNA Encapsulated
in LNPs

Encapsulation (%) pH Particle Size (nm)
Polydispersity

Index
ζ-Potential (mV)

Anti-KIF11 siRNA 85.0
7.4 73.4 ± 9.2 0.353 ± 0.080 −16 ± 2.5
6.5 74.5 ± 11 0.353 ± 0.053 −6.7 ± 1.9

Control siRNA 72.7
7.4 70.0 ± 5.1 0.297 ± 0.061 −13 ± 3.1
6.5 72.9 ± 21 0.312 ± 0.119 −6.4 ± 3.2

4. Conclusions

To enhance the tissue penetration capability of the tumor pH-responsive peptide
SAPSp, we developed an innovative peptide, SAPSp-iRGD, by conjugating the tissue-
penetrating peptide sequence iRGD to the C-terminus of SAPSp. Nanoparticles modified
with SAPSp-iRGD retained the pH-responsive properties of SAPSp and demonstrated
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a significantly improved tissue penetration. Moreover, our findings indicate that this
enhanced penetration involves both neuropilin-1-mediated pathways and actin depoly-
merization. Owing to their combined tumor-specific tissue penetration and mildly acidic
pH responsiveness, SAPSp-iRGD-modified nanoparticles represent a promising novel
delivery system for targeted nucleic acid delivery into deep tumor regions. Although
SAPSp-iRGD-modified nanoparticles demonstrated an enhanced tumor penetration and
pH-responsive delivery, further studies are required to evaluate their pharmacokinetic
profile and therapeutic efficacy in multiple tumor models. In addition, the optimization of
peptide density and assessment of safety and large-scale production will be important for
future clinical translation.
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B16-F1 cell-derived spheroids; Figure S3: Surface intensity plot showing the effect of Neuropilin-
1 inhibition on the spheroid penetration of SAPSp-iRGD-lipo; Figure S4: Spheroid penetration of
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Abstract

Effective intracellular delivery for ovarian cancer therapy remains a significant challenge.
We present chrysin-loaded p(MMA-co-DMAEMA)-b-(OEGMA-co-DMA), PMOD-Chr, a
nanoparticle platform precisely engineered via RAFT polymerization for advanced ther-
apeutic delivery. This multi-functional platform features a hydrophobic p(MMA) core
encapsulating chrysin (Chr), a pH-responsive p(DMAEMA) segment for endosomal es-
cape, and a hydrophilic OEGMA (Oligo(ethylene glycol) methyl ether methacrylate) shell
functionalized for enhanced cellular affinity and systemic stability. The combination of
OEGMA and DMA (Dopamine methacrylamide) block facilitates passive targeting of
ovarian cancer cells, enhancing internalization. Nanoparticles prepared via the nanopre-
cipitation method exhibited ~220 nm, demonstrating effective size modulation along with
high homogeneity and spherical morphology. In A2780 and OVCAR3 ovarian cancer cells,
PMOD-Chr demonstrated significantly enhanced cytotoxicity, substantially lowering the
effective IC50 dose of Chr. Mechanistically, PMOD-Chr induced a potent G2/M cell cycle
arrest, driven by the upregulation of the CDK1/Cyclin B1 complex. Furthermore, the
formulation potently triggered programmed cell death by concurrently activating both
the intrinsic apoptotic pathway, evidenced by the modulation of Bax, Bcl2, and caspase 9,
and the extrinsic pathway involving caspase 8. These findings emphasize that precision
engineering via RAFT polymerization enables the creation of sophisticated, multi-stage
nanomedicines that effectively overcome key delivery barriers, offering a highly promising
targeted strategy for ovarian cancer.

Keywords: raft polymerization; nanoprecipitation; chrysin; cell cycle; apoptosis; ovarian cancer

1. Introduction

Ovarian cancer is among the most fatal gynecologic malignancies worldwide, largely
because the disease is typically asymptomatic until advanced stages and rapidly acquires
resistance to standard therapies [1,2]. During the past two decades, clinical manage-
ment has expanded beyond cytoreductive surgery and platinum-based chemotherapy
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to include targeted agents such as poly (ADP-ribose)-polymerase (PARP) inhibitors and
anti-angiogenic drugs [3]. Nevertheless, five-year survival remains below 50%, and most
patients experience recurrence driven by chemo- and PARP-inhibitor resistance [4].

With more than 300,000 new cases diagnosed globally each year, the limitations of current
regimens underscore an urgent need for safer, more effective therapeutic strategies [1,2]. Stan-
dard chemotherapeutics and targeted inhibitors suffer from systemic toxicity, low selectivity,
and dose-limiting adverse effects, while tumor heterogeneity continuously fuels resistance
mechanisms [5,6]. Immune-checkpoint blockade has yielded only modest and inconsistent
responses in ovarian cancer, often requiring complex combinatorial schedules to achieve mea-
surable benefit [7,8]. These shortcomings collectively highlight the need to repurpose bioactive
compounds with multi-target anticancer properties and to optimize their delivery.

In recent years, several natural compounds—such as curcumin, resveratrol, quercetin,
and berberine—have been explored for their anticancer activities in cancers including ovar-
ian cancer, owing to their ability to modulate key pathways [9–11]. These bioactive agents
offer low systemic toxicity and multi-targeted mechanisms of action, further encouraging
the search for phytochemical-based nanotherapeutics [12,13].

Among the natural compounds gaining attention, chrysin (Chr), a flavonoid found
in passionflower, propolis, and honey, has emerged as a promising candidate due to its
diverse pharmacological profile [14,15]. In preclinical models, chrysin has demonstrated
significant anticancer activity, notably through the induction of apoptosis and inhibition
of cell proliferation [16]. Mechanistically, it modulates key oncogenic signaling pathways
such as NF-κB [17], MAPK [18], and PI3K/Akt [19,20] pathways intimately involved in cell
growth, survival, and inflammation regulation [21]. Furthermore, chrysin’s pro-apoptotic
effects have been linked to the generation of intracellular reactive oxygen species (ROS),
leading to oxidative stress and downstream activation of cell death mechanisms [22].
Additional studies have shown its role in disturbing calcium homeostasis and triggering
mitochondrial dysfunction, including the loss of mitochondrial membrane potential, an
essential step in initiating the intrinsic apoptotic cascade.

Despite its broad-spectrum anticancer potential, the clinical application of Chr is
significantly limited by poor aqueous solubility, low bioavailability, and rapid metabolic
inactivation through glucuronidation and sulfation [23]. These pharmacokinetic draw-
backs restrict its systemic efficacy and pose major obstacles to its clinical translation as a
standalone therapeutic agent [24,25].

To overcome these challenges, a wide range of drug delivery strategies—including
polymeric nanoparticles, micelles, liposomes, and metal-based systems—have been de-
veloped to improve chrysin’s solubility, stability, and tumor-targeting efficiency. These
platforms, such as PEGylated carriers, chitosan-coated nanoparticles, and solid lipid sys-
tems, not only prolong systemic circulation and protect against premature degradation
but also enable combinatorial therapeutic functions like photothermal therapy or radiosen-
sitization [21,26,27]. Mechanistically, chrysin-loaded nanoparticles have been shown to
amplify anticancer efficacy through enhanced ROS generation, mitochondrial membrane
depolarization, and activation of apoptosis-related signaling pathways involving Bax, Bcl2,
caspases, HIF-1α, and SIRT3 [28–30].

In this study, we developed and evaluated a well-defined, biocompatible copolymer-based
nanocarrier system synthesized via Reversible Addition–Fragmentation Chain Transfer (RAFT)
polymerization for the targeted delivery of chrysin in ovarian cancer models. While previous
studies have primarily focused on improving chrysin’s solubility and passive anticancer effects,
our approach integrates precision polymer engineering with detailed mechanistic investiga-
tion of tumor cell responses. The resulting formulation (PMOD-Chr) exhibited significantly
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enhanced cytotoxicity in A2780 and OVCAR3 ovarian cancer cells, reducing the effective IC50

of free chrysin. Mechanistically, PMOD-Chr induced a robust G2/M cell cycle arrest through
upregulation of the CDK1/Cyclin B1 complex and concurrently triggered both intrinsic (Bax,
Bcl2, caspase 9) and extrinsic (caspase 8) apoptotic pathways. While previous work has ex-
plored various chrysin-loaded formulations, our approach provides novel molecular insight
into RAFT-synthesized polymeric delivery systems for ovarian cancer treatment.

2. Materials and Methods

2.1. Synthesis
2.1.1. RAFT Polymerization

p(MMA-co-DMAEMA) block copolymers (P1–P3) (PMDMs) were synthesized via
RAFT polymerization in 1,4-dioxane using MMA (Methyl methacrylate), DMAEMA (2-
(Dimethylamino) ethyl methacrylate), CTA (4-[[[(2-Carboxyethyl)thio]thioxomethyl]thio]-4-
cyanopentanoic acid; Chain transfer agent), and AIBN (Azobisisobutyronitrile) (see Table 1
for ratios). The reaction proceeded under nitrogen at 70 ◦C for 11.5 h (Figure 1a). Reaction
aliquots (t0 and tf) were collected for 1H NMR analysis. The polymers were purified by
triple precipitation in n-hexane and redissolved in DCM (Dichloromethane).

Table 1. Molar ratios and masses of reagents used in the preparation of P1, P2, and P3 copolymers.
P1, P2, P3—Block copolymers; MMA—Methyl methacrylate; DMAEMA—2-(Dimethylamino)ethyl
methacrylate; CTA—Chain transfer agent; AIBN—Azobisisobutyronitrile.

MMA DMAEMA CTA AIBN

P1 3 g 471.63 mg 121.098 mg 6.84 mg
P2 3 g 1.179 g 151.372 mg 7.697 mg
P3 3 g 2.0122 g 0.1727 g 8.796 mg

Figure 1. Schematic representation of PMOD-Chr nanoparticles synthesized via RAFT polymerization.
(a) RAFT Polymerization of MMA and DMAEMA to synthesize p(MMA-co-DMAEMA) using and
initiator, AIBN, and a chain transfer agent (CTA) in 1,4-dioxane at 70 ◦C. (b) Copolymerization
of p(MMA-co-DMAEMA), DMA and OEGMA under RAFT conditions to form amphiphilic block
copolymer p(MMA-co-DMA)-b-(OEGMA-co-DMA). (c) Self-assembly of the amphiphilic copolymer
in aqueous medium in the presence of chrysin, forming chrysin-encapsulated polymeric nanoparticles
via nanoprecipitation from THF.
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p(MMA-co-DMAEMA)-b-(OEGMA-co-DMA) (PMOD) copolymers (BCPs) were syn-
thesized via RAFT polymerization using OEGMA:DMA:CTA:AIBN at a molar ratio of
60:30:10:0.125 (Table 2). BCP1, BCP2, and BCP3 were synthesized using P1, P2, and P3
copolymers, respectively. Polymerization was carried out in 1,4-dioxane under nitrogen at
70 ◦C for 17 h with magnetic stirring (Figure 1b,c). The crude product was purified by triple
precipitation in cold n-hexane, redissolved in DCM, and concentrated by rotary evaporation.
Molecular weight and dispersity were determined by GPC (Gel Permeation Chromatography),
and 1H NMR (Proton Nuclear Magnetic Resonance) confirmed compositional control.

Table 2. Selected characterization data of block copolymers OEGMA-DMA (M2): GPC analysis and
comparison with theoretical 1H NMR data. M1—Monomer 1; M2—Monomer 2; CTA—Chain transfer
agent; AIBN—Azobisisobutyronitrile; 1H NMR—Proton nuclear magnetic resonance; Mn—Number-
average molecular weight; Mw—Weight-average molecular weight; PDI—Polydispersity index
(Mw/Mn); Conv.—Conversion; Theo.—Theoretical.

M1/M2/CTA/AIBN
Conv.
[%]

Mn (g mol−1),
Theo. 1H NMR

Mw Mn
Mw/Mn
(PDI)

BCP1 90/10/1/0.125 89.4 11,017.67 1.324 × 104 1.251 × 104 1.058
BCP2 80/20/1/0.125 95.5 10,697.76 9.901 × 104 8.205 × 104 1.207
BCP3 70/30/1/0.125 95.9 10,645.75 1.636 × 105 1.444 × 105 1.113

2.1.2. Synthesis of DMA Monomer

DMA was synthesized by reacting to methacrylic anhydride with dopamine HCl in a
buffered aqueous solution under nitrogen [26]. After stirring at room temperature for 12 h,
the mixture was extracted with ethyl acetate to remove non-polar impurities. Following
acidification, the product was re-extracted, dried over MgSO4, filtered, and concentrated
(Figure S1). Crude product was purified by repeated precipitation from ethyl acetate into
cold n-hexane, then dried under vacuum. 1H NMR spectra were obtained in DMSO-d6 to
confirm structure.

2.2. CMC Evaluation

The critical micelle concentration (CMC) of BCP3 was evaluated via Nile Red fluores-
cence assay [27]. A polymer stock solution (1.2 mg/mL in THF (Tetrahydrofuran)) was
serially diluted (2.4 mg/mL to 0.000073 mg/mL), and micelles were formed by dropwise
addition of 2 mL deionized water to each dilution, followed by THF evaporation over
48 h. Nile Red (10 μL of 0.1 mM in THF) was added to each sample and incubated for 2 h.
Fluorescence intensity was measured at 550 ± 2 nm excitation and 620 ± 2 nm emission.

2.3. Nanoprecipitation of PMOD-Chr

Chrysin-loaded p(MMA-co-DMAEMA)-b-(OEGMA-co-DMA), PMOD-Chr nanoparti-
cles were synthesized via a nanoprecipitation approach, based on solvent displacement and
self-assembly principles [28,29]. Briefly, BCP3 (70 mg) and chrysin (7 mg) were dissolved
in THF (7 mL), yielding 11 mg/mL stock. The nanoprecipitation method was applied:
dropwise addition of the copolymer-Chr solution into 6 mL distilled water, followed by
overnight stirring at 400 rpm (Figure 1c). Empty nanoparticles were prepared similarly. So-
lutions were dried by rotary evaporation (2 h), then diluted and analyzed by DLS (Dynamic
Light Scattering). Final characterization included NTA (Nanoparticle Tracking Analysis)
(after 100-fold dilution of 1 mg/mL samples) and SEM (Scanning Electron Microscope)
(samples diluted to 0.01 mg/mL and further 100×).
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A 1 mg/mL of Chr stock solution was prepared in DMSO. To determine the En-
capsulation Efficacy (EE%) of PMOD-Chr nanoparticles, the nanoparticle solution was
centrifuged at 15,000 rpm for 5 min to separate the PMOD from the supernatant containing
unencapsulated Chr. The concentration of free Chr in the supernatant was then quantified
by absorbance measurements at 351 nm using Synergy™ HTX Multi-Mode Microplate
Reader (Agilent BioTek Instruments Inc., Winooski, VT, USA).

The amount of encapsulated Chr was calculated by subtracting the amount of free
Chr in the supernatant from the initial amount of Chr used. The EE% was then determined
using the following formula:

EE% =
weight of loaded Chr
weight of initial Chr

× 100

The Drug Loading Content (DLC) was calculated as the ratio of the weight of Chr
encapsulated in the nanoparticles to the total weight of the nanoparticles, expressed as a
percentage, using the following equation:

DLC% =
weight of encapsulated Chr

total weight of polymer + Chr
× 100

2.4. Cell Culture

A2780 and OVCAR3, human ovarian cancer cell lines and HACAT human immor-
talized keratinocyte cell lines, were cultured in RPMI-1640 or DMEM supplemented with
10% FBS (Fetal Bovine Serum), 1% L-glutamine, 1% penicillin/streptomycin, and 1% am-
photericin B, and incubated at 37 ◦C in a humidified atmosphere containing 5% CO2. The
cells were seeded in flasks and monitored daily for viability and confluency.

2.5. Cell Proliferation Assay

IC50 (half maximal inhibitory concentration) values of Chr, PMOD, and PMOD-Chr in
A2780 and OVCAR3 cancer cells and HACAT cells were determined. Five thousand cells
were seeded in 96 wells and incubated for 24 h. A2780 and OVCAR3 cells were treated
with treatment agents for 24, 48, and 72 h. Cell viability was determined using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cell viability was
normalized by considering the untreated (control) well. IC50 values were calculated using
GraphPad Prism 8 (Graphpad Software Inc., San Diego, CA, USA).

2.6. Colony Formation Assay

A2780 and OVCAR3 cells were seeded in 6-well plates at 1000 cells per well. The cells
were incubated for 48–72 h to form colonies. Then, the cells were applied at 12 μM and
24 μM Chr, 12 μM and 24 μM PMOD, and 12 μM and 24 μM PMOD-Chr concentrations.
After 7–10 days, when colonies of sufficient size were formed in the untreated wells, the
cells were stained with 1% crystal violet in 10% methanol at room temperature for 30 min.
The dye was removed, and the wells were washed three times with PBS. The number of
colonies was counted. Then, the dye in the cells was dissolved with a 10% acetic acid
solution and measured at 595 nm in a Synergy™ HTX Multi-Mode Microplate Reader
(Agilent BioTek Instruments Inc., Winooski, VT, USA, ABD).

2.7. Apoptosis and Cell Cycle Assay

Cell cycle and apoptosis analyses of A2780 and OVCAR3 cells were quantified us-
ing BD FlowJoTM Software v10.10, Boston, MA, USA. Cells were seeded in 6 wells as
10 × 105 cells/well and treated with Chr, PMOD, and PMOD-Chr at 12 μM and 24 μM
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concentrations for 48 h. Cells were collected after drug incubations. Cells were directly
stained using the Biolegend 640914 Annexin V Apoptosis kit for apoptosis analysis. For
the cell cycle assay, cells were fixed overnight using 70% ethanol at 4 ◦C. Fixed cells were
incubated with RNase A solution at 37 ◦C for 30 min and then stained with PI (Propidium
Iodide). Analysis was performed using a BD FAcs Canto II device. Graphs were obtained
using FlowJo 7 (BD FlowJoTM Software v10.10, Boston, MA, USA) and GraphPad Prism 8
software (Graphpad Software Inc., San Diego, CA, USA, ABD).

2.8. Gene Expression Analysis

A2780 and OVCAR3 cells were grown in 25 cm2 flasks, and cells were treated with
selected concentrations of Chr, PMOD, or PMOD-Chr for 48 h. After treatment, total
RNA was isolated using Trizol to examine the effects on the mRNA expression levels of
apoptosis-associated Bax, Bcl2, caspase 3, 8, and 9, and cell cycle-associated CDK1, CDK4,
CDK6 (Cyclin-Dependent Kinases), Cyclin B1, and Cyclin D. Then, total RNA was obtained
by Biorad cDNA kit (iScript™ cDNA Synthesis Kit, Biorad, CA, USA) for reverse tran-
scription. The mRNA expression levels of target genes were analyzed by ABI StepOnePlus
QPCR (Quantitative Polymerase Chain Reaction) device (Biorad Itaq, SYBR Green PCR
Master Mix, Biorad, CA, USA) using cDNA Gene amplification. QPCR reaction conditions
were initially set up at 95 ◦C for 10 min, followed by 45 cycles, each cycle consisting of
15 s denaturation at 95 ◦C and 1 min annealing/extension at 60 ◦C. Quantitative RT-PCR
(Reverse Transcription Polymerase Chain Reaction) data were analyzed by the Comparative
threshold (Ct) method, and fold inductions of samples were compared with untreated
samples. Relative gene expression levels were assessed and normalized to β-Actin and
GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) housekeeping genes.

2.9. Statistical Analysis

All experiments were performed in triplicate, and data are presented as mean ± standard
error of mean (SEM). Statistical significance was defined as a p value < 0.05. One-way ANOVA
was used to determine the statistical significance of a variable in two or more samples, and two-
way ANOVA was used to determine the statistical significance of two variables. Comparisons
were made using Tukey’s post hoc multiple comparisons test and Dunnett’s post hoc multiple
comparisons test. GraphPad Prism 8 (Graphpad Software Inc., San Diego, CA, USA) was
used for graphing and statistical analysis.

3. Results

3.1. Characterizations of First Block Copolymers (Ps) as macroCTA Agent (mCTA)

Details of the chemical reaction for the synthesis of copolymers P1, P2, and P3 by RAFT are
illustrated in Figure S2. The transformation of the monomer within P1 and P2 is supported by
key alterations in the 1H NMR spectra when comparing the tf to the initial state, t0. Specifically,
the disappearance or significant attenuation of vinylic region signals (δ 4.5–7.0 ppm), character-
istic of the monomer’s C=C double bond protons, along with the emergence of new, broader sig-
nals in the aliphatic region (δ 0.5–2.5 ppm), indicates the conversion of monomeric vinyl groups
into a saturated polymer backbone. In the t0 spectrum (Figure S3a,c), peaks labelled t0-‘c’ (δ~5.6
ppm) and t0-‘d’ (δ~6.1 ppm) are attributed to vinyl protons, while t0-‘f’ (δ~2.0 ppm) indicates a
methyl group. Peak t0-‘a’ (δ~3.5 ppm) is primarily assigned to the solvent. In the tf spectrum of
P1 and P2 (Figure S3b,d), the notable persistence of peaks tf-‘c’ and tf-‘d’ (δ~5.5–5.9 ppm) sug-
gests incomplete monomer conversion, despite the appearance of broad signals tf-‘e’ and tf-‘f’
(δ~0.8–2.5 ppm) corresponding to aliphatic protons and tf-‘b’ (δ~3.9 ppm) characteristic of side
chains. In contrast, the 1H NMR analysis of the P3 copolymer provided compelling evidence of
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successful synthesis (Figure 2a). The characteristic monomer signals ‘c’ and ‘d’, present in the
t0 spectrum (Figure 2b), were completely absent in the tf spectrum, signifying full monomer
consumption and quantitative conversion into the P3 copolymer. Changes in peak morphology
further supported copolymerization, consistent with the presence of macromolecules.

Figure 2. Representative 1H NMR spectra (recorded in DMSO-d6) of the reaction mixture at the initial
stage (t0) and final state (tf) demonstrate the progress of the RAFT polymerization of the PMDM
copolymer. (a) The MMA monomers exhibit distinctive vinyl proton signals at δ ≈ 5.5–6.2 ppm,
attributed to the terminal -C=CH2 groups. Upon completion of the reaction, these signals are no
longer detectable, indicating the full consumption of monomeric C=C bonds. (b) Broad new peaks
emerge in the δ ≈ 0.8–2.2 ppm region, corresponding to the saturated polymethacrylate backbone
(‘e’ and ‘f’). The continued presence of side-chain resonances, including protons ‘a’ [N(CH3)2] and
‘b’ [O–CH2–N–] from the DMAEMA unit, ‘c’ (OCH3 from MMA ester side chain), and ‘d’ (CH2

adjacent to ether or tertiary amine groups from OEGMA or DMAEMA units), confirms successful
incorporation of the functional monomers into the polymer chain.

3.2. Characterizations of Second Block Copolymers (BCPs)

The block copolymers BCP1, BCP2, and BCP3 were synthesized via RAFT and ex-
hibited high monomer conversions. GPC analysis revealed low Polydispersity Indices
(PDIs) for all copolymers (Table 2), indicating good polymerization control and narrow
molecular weight distributions. For BCP1, the theoretical (1H NMR) and measured (GPC)
number-average molecular weights (Mn) showed reasonable agreement (Table 2). How-
ever, BCP2 and BCP3 displayed significantly higher GPC-determined molecular weights
compared to theoretical 1H NMR values, warranting further investigation. Nevertheless,
BCP3, despite its highest M2 monomer content (30%), maintained high conversion and low
PDI, suggesting successful synthesis of a well-defined copolymer with the targeted higher
hydrophilic block content. The GPC-determined Mn values consistently increased from
BCP1 to BCP3 with increasing M2 monomer ratio.

Analysis of the GPC chromatograms (Figure S4) revealed distinct differences among
the BCPs. Based on elution times, BCP2 eluted earliest, followed by BCP1, and finally
BCP3. Peak widths indicated that BCP2 exhibited the narrowest peak, BCP1 showed an
intermediate PDI, and BCP3 displayed the broadest peak. The largely monomodal main
polymer peaks suggested successful block copolymer formation, with minor low molecular
weight species potentially present in BCP1 and BCP3. BCP3 (70/30/1/0.125) was chosen for
nanoparticle preparation due to its advantageous polymerization characteristics. It exhibited
the highest monomer conversion rate (95.97%), which reflects efficient chain growth during
RAFT polymerization. Furthermore, its molecular weight profile was optimal for forming
uniform and stable nanoparticles: GPC analysis revealed a number-average molecular weight
(Mn) of 1.444 × 105 g/mol and a weight-average molecular weight (Mw) of 1.636 × 105
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g/mol, with a narrow dispersity index (Mw/Mn = 1.113) (Table 2). These features are critical
for ensuring controlled drug loading and release behavior, making BCP3 the most suitable
candidate for chrysin encapsulation and subsequent formulation development.

The CMC of BCP3 was determined to be 0.01618 mg/mL (Figure 3a). This relatively
low CMC value signifies a high propensity for self-assembly and indicates considerable
micelle stability against dilution, which is advantageous for biological applications.

Figure 3. Chemical synthesis and characterization of self-assembling PMOD copolymer and PMOD-
Chr nanoparticles. (a) Relative fluorescence units (RFUs) were measured across a range of polymer
concentrations (mg mL−1). The CMC was determined to be 0.07416 mg/mL, corresponding to an
RFU value of 214.89, as indicated in red on the graph. (b) PMOD-Chr surface morphology of the
sample obtained via SEM. The image was acquired at an accelerating voltage (EHT) of 25.00 kV
and a magnification (Mag) of 50,000×. The scale bar represents 200 nm. The measurements on
the image indicate particle size (Pa). (c) Particle size distribution profiles from DLS measurements:
PMOD nanoparticles (empty) and PMOD-Chr nanoparticles. (d) PMOD surface morphology of the
sample obtained via SEM. The image was acquired at an accelerating voltage (EHT) of 25.00 kV and
a magnification (Mag) of 50,000×. The scale bar represents 200 nm. The measurements on the image
indicate particle size (Pa).

The successful incorporation of DMA into the PMDM-OEGMA copolymer architecture
was confirmed by 1H NMR spectroscopy (Figure S5). Characteristic resonance signals
corresponding to the N-methyl protons of DMA were clearly observed at approximately
δ 2.8–3.1 ppm. Integration of these signals, relative to specific proton resonances from the
PMMA, DMAEMA, and OEGMA segments, quantified DMA incorporation, substantiating
its covalent linkage within the copolymer structure.

3.3. Physicochemical Characterization of PMOD-Chr Nanoparticles

FTIR (Fourier Transform Infrared) spectroscopy confirmed Chr incorporation. Pure Chr
(Figure S6) exhibited characteristic bands at ~1600 and 1580 cm−1 (aromatic C=C), ~1685 cm−1
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(conjugated C=O), and above 3000 cm−1 (aromatic C-H). In the PMOD-Chr nanoparticles
(Figure 4), while the matrix showed a strong C=O stretch around 1720–1725 cm−1, key Chr
features persisted: aromatic C-H stretches above 3000 cm−1 and a shoulder at ~1600 cm−1.
The shifted and less intense Chr carbonyl band, along with masked minor peaks, indicated
Chr–matrix interactions and successful encapsulation.

Figure 4. FTIR spectroscopy analysis to confirm the loading of Chr into PMOD. The spectra shown are
for pure Chr (black), PMOD (blue), and PMOD-Chr (red). The Chr spectrum exhibits characteristic
peaks for the C=O stretching vibration at 1654 cm−1 and aromatic ring vibrations at 1603 cm−1. The
PMOD nanoparticle spectrum is dominated by a strong ester carbonyl (C=O) peak at 1731 cm−1 from
the polymer backbone. The spectrum for the PMOD-Chr is a clear superposition of both components,
retaining the polymer peak at 1731 cm−1 while also displaying the signature peaks of encapsulated Chr.

DLS analysis revealed that the applied preparation protocol markedly influenced
nanoparticle size (Figure 3c). Drug-loaded PMOD nanoparticles exhibited a reduced
hydrodynamic diameter of approximately 220 nm, likely due to drug-induced polymer
chain folding. This optimum small size is particularly advantageous for drug delivery
applications due to EPR (Enhanced Permeability and Retention Effect), suggesting the
protocol’s robustness in consistently producing compact nanoparticles.

NTA analysis corroborated the DLS findings, confirming the size distribution of the
nanoformulation. PMOD-Chr demonstrated a more concentrated and stable distribution
profile than empty nanoparticles. Post-processing analyses revealed an increased particle
density within the same size range, highlighting the efficiency and reproducibility of the
production process (Figure S7).

SEM showed generally spherical PMOD-Chr (Figure 3b) and PMOD (Figure 3d). Chr
presence could affect morphology and aggregation, but the formulations often maintained
spherical shape and homogeneity despite loading. These observations confirm the impact
of formulation on nanoparticle characteristics.

3.4. Determination of EE (%) and DLC (%) of PMOD-Chr

Based on the drug amount used in the formulation (Figure S8) and subsequent cal-
culations, the EE% of Chr into the nanoparticles was determined to be 57.96%. The total
amount of drug loaded within the nanoparticles was found to be 5.79% of Chr, representing
the DLC% for this preparation.

3.5. PMOD-Chr Inhibits Cell Proliferation and Clonogenic Survival in Human Ovarian
Cancer Cells

The effects of Chr and PMOD-Chr on cell viability in the dose range of 1–128 μM in
A2780 and OVCAR3 ovarian cancer cells were observed for 24, 48, and 72 h. The doses used
in our study were calculated based on the Chr content of the nanomaterial. In two different
ovarian cancer cells, doses of approximately 8 μM and above decreased viability at all time
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durations. In the comparison of Chr and PMOD-Chr, PMOD-Chr provided cell viability at
lower doses, and this effect was more efficient in OVCAR3 cells (Figures 5a–h and S9). It
was seen that the designed PMOD without Chr did not affect cell viability (Figure S10). This
showed that PMOD did not have a toxic effect in cells and that the designed nanoparticle
could be an ideal cellular therapeutic carrier agent. On healthy human keratinocyte cells
(HACATs), Chr showed toxic effects at doses of 32 μM and above, and PMOD-Chr only at a
dose of 128 μM (Figure S11). PMOD-Chr has an effect on cancer cells; it only showed toxic
effects on healthy cells at high doses. There was no significant change in colony numbers
between the untreated and PMOD groups in A2780 and OVCAR3 cells. However, in both cell
lines, the number of colonies decreased compared to the untreated cells with 6 μM of Chr and
6 μM of PMOD-Chr. In A2780 cells, a decrease of approximately 15% was observed when
6 μM Chr or PMOD-Chr groups were compared, and a decrease of approximately 25% was
observed in OVCAR3 cells. Results showed that administration of PMOD-Chr resulted in
increased inhibition of clonogenic survival of ovarian cancer cells (Figure 5i,j).

 

Figure 5. Showing the cell proliferation test results of Chr and PMOD-Chr in ovarian cancer cells.
(a) Cell viability result of Chr in A2780 cells at 72 h and (b) IC50 dose at 72 h, (c) cell viability result
of Chr in OVCAR3 cells at 72 h and (d) IC50 dose at 72 h, (e) cell viability result of PMOD-Chr in
A2780 cells at 72 h and (f) IC50 dose at 72 h, (g) cell viability result of PMOD-Chr in OVCAR3 cells at
72 h and (h) IC50 dose at 72 h. Clonogenic survival of ovarian cancer cells was decreased by PMOD-
Chr and Chr. (i) Colony formation of A2780 ovarian cancer cells and percent of colonies formed
at each treatment. (j) Colony formation of OVCAR3 ovarian cancer cells and percent of colonies
formed at each treatment. Each treatment was repeated 3 times, and results were displayed as the
average ± SEM (standard error of the mean) of the three repeats and normalized to untreated groups.
p value represents, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001.
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3.6. PMOD-Chr Increased the Rate of Apoptosis Compared to Free Chr

Cells that do not undergo apoptosis are constantly dividing, and cancer occurs. Since
the most basic feature of cancer is to escape apoptosis, anticancer drugs are required to
lead the cells to apoptosis. Both ovarian cancer cells were stained with Annexin V-FITC
(Fluorescein Isothiocyanate) and PI (Propidium Iodide) in order to examine the apoptotic
feature with Chr and PMOD-Chr at 12 μM and 24 μM doses, and were examined by flow
cytometry. In both cell lines, an increase in the rate of cells going to apoptosis was observed
depending on the dose of Chr and PMOD-Chr.

As a result of the comparison of A2780 and OVCAR3 cells, Chr and PMOD-Chr
were more effective in OVCAR3 cells at both 12 μM and 24 μM doses, and a high rate
of apoptotic cell death was observed (Figures 6a,b and S12). In both cell lines, the gene
expression levels of Bax, Bcl2, caspase 3, 8, and 9 related to apoptosis of Chr and PMOD-
Chr were examined by QPCR. In PMOD-Chr, A2780 and OVCAR3 ovarian cancer cells,
proapoptotic or apoptotic Bax, caspase 3 and 9 gene expressions significantly increased
and anti-apoptotic Bcl2 decreased (Figure 6c,d). In OVCAR3 ovarian cancer cells, it was
observed that the intrinsic apoptotic pathway was activated with caspase 8 (Figure 6d).
According to both ovarian cancer cells, PMOD-Chr most effectively leads to apoptosis in
OVCAR3 cells, confirming the results obtained by flow cytometry.

Figure 6. Cont.
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Figure 6. Analysis of apoptotic status of A2780 and OVCAR3 cells by flow cytometry and QPCR.
(a,b): Flow cytometry analysis of A2780 (a) and OVCAR3 (b) cells treated with 12 μM and 24 μM
free Chr and PMOD-Chr for 48 h, followed by staining with Annexin V-FITC and PI, and then flow
cytometry analysis. PMOD-Chr and Chr significantly increased the apoptotic rate compared to
untreated cells. The percentage of early and late apoptotic cells and necrotic cells is shown in the
flow cytometry chart. The quandra in flow cytometry represent necrosis Q1 (Annexin+/PI+), late
apoptosis Q2 (Annexin+/PI+), live Q3 (Annexin−/PI−), and early apoptosis Q4 (Annexin+/PI−)
cells. Total apoptosis refers to all cells undergoing early (Q2) and late apoptosis (Q4). (c,d): RNA
isolation and cDNA were obtained from A2780 (c) and OVCAR3 (d) cells treated with 12 μM and
24 μM Chr or PMOD-Chr for 48 h and apoptosis-related gene expression was examined. Normaliza-
tion was performed with β-Actin and GAPDH housekeeping genes. Gene expression fold changes
were obtained compared to control group cells.. Each treatment was repeated 3 times, and results
were displayed as the average ± SEM of the three repeats and normalized to untreated groups.
p-value represents in (a,b), *: p ≤ 0.05, **: p ≤ 0.01, ****: p ≤ 0.0001. p value represents in (c,d),
+: p ≤ 0.05 compared to untreated group, *: p ≤ 0.05 compared to PMOD group, Δ: p ≤ 0.05 compared
to Chr group.

3.7. Cell Cycle Is Arrested by PMOD-Chr in the Sub-G1 and G2/M Phase

Cancer cells constantly divide and proliferate uncontrollably. Drug candidates to be
used in cancer are expected to slow down or stop cell division. In our study, we examined
the effect of PMOD-Chr on the cell cycle in two different ovarian cancers by staining the
DNA content with PI using flow cytometry. In A2780 cells, PMOD-Chr allowed cells to
remain in the Sub-G1 phase more than Chr. In OVCAR3 cells, PMOD-Chr was observed to
increase cell accumulation in the G2/M phase as well as Sub-G1 (Figure 7a,b). This shows
that PMOD-Chr not only leads to apoptosis with Sub-G1 in OVCAR3 cells but also stops
cell proliferation at the mitotic stage by accumulating in the G2/M phase. Gene expression
studies conducted with both cell lines provided regulation of CDK1, CDK4, CDK6, Cyclin
B, and Cyclin D genes, which have important roles in the progression of the cell cycle. In
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A2780 cells, PMOD-Chr increased the expression of genes effective in G1 and G2/M phases.
In OVCAR3 cells, when PMOD-Chr and Chr were compared, it upregulated the expression
level of CDK1, and Cyclin B associated with the G2/M phase quite effectively (Figure 7c,d).
When the results obtained by both flow cytometry and QPCR were examined, PMOD-Chr
arrested the cell cycle in the Sub-G1 and G2/M phases more effectively in OVCAR3 cells.

Figure 7. Effect of PMOD-Chr and Chr on DNA content in A2780 (a) and OVCAR3 (b) ovarian cancer
cells. (a,b): Cells collected after 48 h of treatment with 12 and 24 μM Chr and PMOD-Chr were stained
with PI. Cell cycle distribution was determined by flow cytometry analysis. Statistical charts of the cell
population in G0/G1, S, and G2/M phases. (c,d): RNA isolation and cDNA were obtained from A2780
(c) and OVCAR3 (d) cells treated with 12 μM and 24 μM Chr or PMOD-Chr for 48 h, and cell cycle-related
gene expression was examined. Normalization was performed with β-Actin and GAPDH housekeeping
genes.. Each treatment was repeated 3 times, and results were displayed as the average ± SEM of the
three repeats and normalized to untreated groups. p value represents; +: p ≤ 0.05 compared to untreated
group, *: p ≤ 0.05 compared to PMOD group, Δ: p ≤ 0.05 compared to Chr group.
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4. Discussion

Ovarian cancer is the leading cause of gynecological cancer-related deaths [31,32].
One of the most important difficulties in the treatment of this disease is that drug use and
options are limited due to side effects that occur as a result of drug use, toxic effects due
to dose, systemic effects, and drug resistance [33,34]. In order to reduce this limitation
and provide effective treatment options, targeted drug delivery strategies are used in treat-
ments, and new systems to carry these drugs are needed [35]. The most current practical
approach to overcome the limitations in the use of molecules that can be used in cancer
treatment due to their hydrophobic properties and to protect the drug against corrosive
reactions, destruction, and to increase its durability and effectiveness is to encapsulate
these compounds in drug delivery systems [36].

Our rational nanoparticle design, precisely engineered via RAFT polymerization,
centered on PMOD-Chr, leverages the pH-responsive behavior [37] of p(DMAEMA) [38]
to overcome critical barriers in intracellular drug and gene delivery, particularly for chal-
lenges like ovarian cancer therapy. DMAEMA’s unique “switchable” nature, with a pKa
around ~7.4 [39], dictates its hydrophilicity in acidic conditions and hydrophobicity in
basic environments. This property allows precise control over nanoparticle morphology
and size by simply adjusting ambient pH.

This intelligent design employs a dual mechanism to enhance therapeutic delivery [40].
Firstly, the OEGMA shell ensures high biocompatibility and prolongs systemic circulation
by minimizing protein adsorption and immune recognition, promoting effective tumor
accumulation [41]. Crucially, upon endocytosis into acidic endosomes, the PMOD block
actively triggers the proton sponge effect [42]. This mechanism involves the dynamic
protonation of the tertiary amine groups, leading to an osmotic influx of ions and water
that swells and ultimately ruptures the endosomal membrane. This ensures the rapid and
protected cytosolic release of encapsulated cargo, such as Chr in our ovarian cancer model,
thereby preventing lysosomal degradation and maximizing therapeutic efficacy.

In the synthesis of novel polymeric micelles, RAFT polymerization proved instrumental
in the successful creation of the P3 copolymer. Evidence of complete monomer transformation
was compellingly derived from significant changes observed in the 1H NMR spectra. In
the initial state’s (t0) spectrum, characteristic vinylic region signals at δ~5.6 ppm (t0-‘c’) and
δ~6.1 ppm (t0-‘d’), attributed to the monomer’s C=C double bond protons, were clearly
present. Crucially, in the final (tf) spectrum, these defining monomer signals were entirely
absent, unequivocally indicating full monomer conversion and quantitative incorporation
into the P3 copolymer. Concurrently, the emergence of new, broader signals in the aliphatic
region (tf-‘e’ and tf -‘f’ at δ~0.8–2.5 ppm), corresponding to the saturated polymer backbone,
along with a distinct signal at tf-‘b’ (δ~3.9 ppm), characteristic of side chains, further
supported successful macromolecule formation. These findings collectively suggest that
P3 was synthesized with a notably higher conversion efficiency, potentially leading to
enhanced performance for its intended applications.

The CMC of our PMOD-Chr nanoparticles, determined by plotting polymer concen-
tration against Nile Red fluorescence intensity, was found to be 0.01618 mg/mL (corre-
sponding to a relative fluorescence unit of 417.81). This remarkably low CMC is a highly
advantageous characteristic for drug delivery applications [43,44]. It signifies a strong
propensity for the polymer to self-assemble into stable micellar structures and indicates
that these nanoparticles can maintain their integrity and encapsulated cargo even under
significant dilution in physiological environments, such as the bloodstream. This inherent
stability directly enhances their potential as robust and effective drug delivery systems,
preventing premature drug release and promoting targeted accumulation.
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Characteristic resonance signals corresponding to the N-methyl protons of DMA were
clearly observed at approximately δ 2.8–3.1 ppm. Integration of these signals, relative to
specific proton resonances from the PMMA, DMAEMA, and OEGMA segments, quantified
DMA incorporation, substantiating its covalent linkage within the copolymer structure [40].
In our PMOD-Chr nanoparticles, the DMA block functions as a crucial passive targeting
agent for delivering Chr to ovarian cancer cells. Rather than active receptor binding,
DMA exploits the unique characteristics of the tumor microenvironment; its inherently
cationic nature enhances electrostatic interactions with the often negatively charged surfaces
of ovarian cancer cells, promoting increased cellular affinity and internalization. This
augmented cellular uptake, combined with the EPR effect [45] that passively accumulates
nanoparticles in tumors, ensures more effective delivery of the therapeutic payload, Chr, to
the target cells within the ovarian cancer tissue.

FTIR spectroscopy further confirmed the successful encapsulation of Chr within the
PMOD nanoparticles. Pure Chr exhibited characteristic bands at ~1600 and 1580 cm−1

(aromatic C=C), ~1685 cm−1 (conjugated C=O), and above 3000 cm−1 (aromatic C-H). In
the Chr-loaded nanoparticles, while the polymer matrix showed a strong C=O stretch
around 1720–1725 cm−1, key Chr features persisted, including aromatic C-H stretches
above 3000 cm−1 and a shoulder at ~1600 cm−1. The shifted and less intense Chr carbonyl
band, alongside masked minor peaks, indicated interactions between Chr and the matrix,
confirming successful encapsulation. This suggests that Chr is effectively retained within
the nanoparticle matrix, potentially enhancing its bioactive benefits.

DLS analysis revealed that the nanoprecipitation method offers an optimized approach
for nanocarrier design. Beyond in situ synthesis parameters, high-pressure homogenization
further refines the physicochemical properties of these nanoparticles, critically influenc-
ing their therapeutic potential. While these specific cases sometimes exhibited slightly
broader distributions, the overall size reduction is highly beneficial for improving in vivo
pharmacokinetics by reducing premature clearance by the reticuloendothelial system and
enhancing tumor accumulation through the EPR effect. While our nanoparticles slightly ex-
ceed the sub-200 nm threshold often cited for optimal tumor penetration, their hydrophilic
OEGMA-rich corona and size profile still support efficient passive targeting. Ongoing
efforts to modulate polymer architecture and formulation conditions aim to further enhance
their therapeutic potential.

SEM consistently exhibits a spherical morphology; a common characteristic observed
in nanoparticle systems and one that aligns perfectly with our production methodology.
This spherical shape arises from the inherent tendency of the system to minimize its surface
tension and achieve a thermodynamically more stable configuration. Synthesized via
RAFT polymerization, our PMOD copolymers spontaneously self-assemble in an aqueous
environment. During this self-assembly process, the hydrophobic PMMA core segregates
from the aqueous phase to concentrate internally, while the hydrophilic OEGMA and pH-
responsive DMAEMA blocks orient towards the particle’s outer surface. As this core–shell
structure forms, the spherical geometry naturally represents the lowest free energy state at
the molecular level. This observed spherical morphology offers significant advantages for
both drug delivery and cellular uptake mechanisms. Spherical nanoparticles tend to exhibit
a more uniform distribution within the body and can be more efficiently internalized by
target cells via endocytosis.

Given the well-established proton sponge effect of p(DMAEMA), its inclusion in
our nanoparticle design is expected to facilitate endosomal escape, thereby enhancing
intracellular delivery efficiency. Although this mechanism was not directly quantified in

36



Nanomaterials 2025, 15, 1362

our study, its contribution is supported by prior work demonstrating successful cytoplasmic
release and bioactivity of delivered agents.

Chr-treated ES2 and OV90 ovarian cancer cells were observed to reduce cell proliferation.
Chr has been studied in many different ovarian cancer cell lines, but there is no study on
OVCAR3 cells [26,46–48]. A selenium-Chr polyurea dendrimer nanoformulation has been
included in a study on the efficacy of OVCAR3 ovarian cancer cells, but only Chr was not
examined [47]. Chr-loaded chitosan-folic acid-coated solid lipid nanoparticles were effective
in pancreatic cancer, but Chr did not show much effect in ovarian cancer cells [26]. The IC50

value of Chr in A2780 cells at 72 h was seen to be 50 μM and above. In our study, it was found
to be 40 μM. However, although the IC50 value was partially effective in PMOD-Chr, it was
quite effective in OVCAR3 cells and reduced the IC50 value to 12 μM. According to these
results, it is seen that PMOD-Chr inhibits cell proliferation more effectively than Chr alone.
PMOD-Chr is non-toxic and can be a more effective targeted transport system.

Cell cycle checkpoints aim to ensure that the cell cycle progresses properly and
healthily, and if the cell is not repaired, the cell will either stop itself or undergo a controlled
death [49]. The Sub-G1 portion is the phase of the cell cycle where cells shrink in size and
are more commonly identified as apoptotic cells [50]. In breast and prostate cancers, the
Chr caused the cell cycle to remain in the Sub-G1 phase [51,52]. It has been reported in
previous studies that Chr arrests A2780 cells in Sub-G1 of the cell cycle [48]. As a result of
our cell cycle analyses performed with propidium iodide staining of A2780 and OVCAR3
cells, a greater accumulation in the Sub-G1 phase was observed in both PMOD-Chr groups
compared to the other groups. This result shows that PMOD-Chr effectively drives the
cells to the apoptotic pathway. Lim et al. revealed that Chr in urinary bladder cancer cells
occurred in the G2/M phase of the cell cycle [50]. It gradually increased the percentage
of cells in the Sub-G1 phase of the cell cycle in two different ovarian cancers. An increase
in the percentage of G2/M phase cells was observed in ES2 ovarian cancer cells, but no
change was observed in OV90 cells [22]. In our study with A2780 and OVCAR3 cells, an
increase in the Sub-G1 phase was observed in the Chr and PMOD-Chr groups depending
on the dose. The most dramatic increase was seen in the PMOD-Chr group in OVCAR3
cells at a dose of 24 μM. The G2/M checkpoint of the cell cycle prevents the cell from
entering mitosis to repair the damaged genome and is involved in several pro-survival
signaling pathways [53]. In the cell cycle study conducted with A2780 and OVCAR3 cells,
an accumulation in the G2/M cell cycle was observed in the PMOD-Chr group. PMOD-Chr
keeps cells in the Sub-G1 and G2/M phases in ovarian cancer, preventing the cells from
completing mitosis or causing apoptosis, causing the cells to die via the apoptotic pathway.

The control mechanisms of cells, such as apoptosis, are one of the most important
mechanisms in preventing normal cells from becoming cancerous. Apoptosis, which is
the main mechanism of cancer cell death, is a programmed cell death process used by
normal and cancer cells [54]. Chr initiates apoptosis, or cell death, in many cancer cells by
regulating apoptotic cell pathways [55,56]. Lim et al. Chr has been shown to regulate the
induction of apoptosis in ES2 and OV90 ovarian cancer cells via mitochondria-mediated
intracellular Ca2+ accumulation. Chr triggered early and late apoptosis depending on
the dose [55]. As reported in the literature, Chr has been reported to cause apoptosis in
different ovarian cancer cells. The study has shown the effectiveness of Chr with two
different cell types. In particular, it is observed that A2780 and OVCAR3 cell groups treated
with PMOD-Chr, our nanocarrier produced by RAFT polymerization encapsulated in Chr,
lead to cell death by apoptosis.

CDKs and cyclins serve as important control points in the cell cycle [49]. CDK4/6 and
the cyclin complex are activated, especially in the G1 period of cells, and enable them to
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pass from G1 to S [57]. CDK1 and the cyclin B complex are activated towards the end of G2
and throughout the M phases of the cell cycle [58]. The complex of cyclin B-CDK1 migrates
to the nucleus to activate several downstream pathways to allow cells to enter mitosis [56].
According to the results of cell cycle-related gene expressions, it is seen that PMOD-Chr
increases gene activity related to the G2/M phase.

Among the master regulator genes involved in the activation or inhibition of apoptosis,
the most important genes are proapoptotic BAX, antiapoptotic Bcl2, caspase 3/9 involved
in intrinsic apoptosis, and caspase 3/8 involved in the extrinsic pathway [54]. In MDA
MB-231 cells, Chr induced apoptosis by changing caspases 3 and 8 gene expression. Chr
analog 8-bromo-7-methoxy Chr has been shown to induce apoptosis in A2780 cells [48].
According to the previous literature, Chr dose-dependently leads A2780 cells to apoptosis
via Bax, Bcl, caspases 3, 8, and 9 [48]. In cells treated with Chr and Chr Niosome complex,
decreased gene expression of apoptosis-related Bcl2 and increased gene expression of Bax
and caspase 3 were observed [59]. As a result of gene expression studies conducted in
A2780 and OVCAR3 ovarian cancer cells, it was understood that it regulates apoptosis-
related genes and leads cells to apoptosis. PMOD-Chr, unlike Chr, activates intrinsic and
extrinsic apoptosis and leads cells to apoptosis.

5. Conclusions

In this study, we developed a RAFT polymerization-based diblock copolymer nanocar-
rier (PMOD-Chr) for the targeted delivery of Chr in ovarian cancer cells. While free Chr
exhibited moderate antiproliferative effects, PMOD-Chr significantly enhanced therapeutic
efficacy at substantially lower doses. The formulation induced potent G2/M and Sub-G1
cell cycle arrest, particularly in OVCAR3 cells, and activated both intrinsic and extrin-
sic apoptotic pathways, highlighting its dual-action cytotoxic mechanism. These results
demonstrate that precise molecular encapsulation via RAFT polymerization not only im-
proves Chr’s bioavailability and intracellular delivery but also amplifies its antitumor
activity. Our findings suggest that the PMOD-Chr platform offers a robust and versatile
nanotherapeutic strategy with strong potential for further application across diverse cancer
models and in vivo systems.
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dopamine hydrochloride., Figure S2. Chemical Reaction Scheme for the Synthesis of p(MMA-co-
DMAEMA) (PMDM) First Block Copolymers (Ps). Schematic illustration of the RAFT polymerization
process employed for the synthesis of the initial block copolymers P1, P2, and P3., Figure S3. 1H
NMR Spectroscopy Analysis of First Block Copolymers P1 and P2. Representative 1H NMR spectra
of copolymers P1 and P2 comparing the initial monomer mixture (t0, A and C, respectively) with
the final polymer product (tf, B and D, respectively), indicating incomplete monomer conversion
as evidenced by the persistence of vinylic proton signals. Figure S4. Gel Permeation Chromatog-
raphy (GPC) Chromatograms of Block Copolymers (BCPs), BCP1, BCP2, and BCP3. RI (A) and
LS (B) Overlays. Figure S5. 1H NMR spectrum confirming Dopamine Methacrylamide (DMA)
incorporation into PMOD copolymer, Figure S6. Fourier Transform Infrared (FTIR) Spectrum of Pure
Chr., Figure S7. Nanoparticle Tracking Analysis (NTA). Particle size distribution and intensity plots
obtained from NTA for PMOD and PMOD-Chr nanoparticles, Figure S8. Calibration curve of Chr.,
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Chr Chrysin
PMMA Poly (Methyl Methacrylate)
DMAEMA 2-(Dimethyl Amino) Ethyl Methacrylate
OEGMA Oligo (Ethylene Glycol) Methacrylate
PMDM p(MMA-co-DMAEMA)
DMA Dopamine Metacrylamide
PMOD p(MMA-co-DMAEMA)-b-(OEGMA-co-DMA)
BCP Block Copolymer
RAFT Reversible Addition–Fragmentation Chain Transfer
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Abstract

Glioblastoma multiforme (GBM) remains the most aggressive primary brain tumor with
median survival of 14.6 months, necessitating novel therapeutic approaches. Here, we
report the biogenic synthesis of zinc oxide nanoparticles (ZnO NPs) using Bacillus licheni-
formis strain TT14s isolated from mining environments and demonstrate their selective
anti-glioma efficacy. ZnO NPs exhibited hexagonal wurtzite structure (crystallite size:
15.48 nm) with spherical morphology (19.37 ± 5.28 nm diameter) as confirmed by XRD,
HRTEM, and comprehensive physicochemical characterization. Colloidal stability anal-
ysis revealed an isoelectric point at pH 7.46, ensuring optimal dispersion in biological
media. Cytotoxicity evaluation revealed remarkable selectivity: at 100 μg/mL, ZnO NPs
reduced NG-108 glioblastoma cell viability to 36.07 ± 1.89% within 1 h while maintaining
78.9 ± 0.94% viability in primary retinal cells. The selective cytotoxicity was attributed to
the interplay of convergent mechanisms acting under dark conditions, including defect-
mediated ROS generation supported by photoluminescence analysis revealing a charac-
teristic oxygen vacancy emission at 550 nm, pH-dependent dissolution enhanced in the
acidic tumor microenvironment, and preferential cellular uptake by rapidly proliferat-
ing cancer cells with compromised antioxidant defenses. Time-course analysis demon-
strated concentration-dependent effects with therapeutic windows favoring normal cell
preservation. The intrinsic cytotoxic activity under dark laboratory conditions elimi-
nates the need for external activation, providing practical advantages for therapeutic
applications. These findings establish ZnO NPs as promising candidates for targeted
glioblastoma therapy, warranting further in vivo validation and mechanistic elucidation for
clinical translation.
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1. Introduction

Glioblastoma multiforme (GBM) represents the most aggressive and prevalent pri-
mary brain malignancy, accounting for approximately 51% of all malignant brain tumors
and exhibiting an incidence rate of 3.19–3.26 per 100,000 individuals annually [1,2]. Despite
significant advances in neurosurgical techniques, radiotherapy protocols, and chemothera-
peutic regimens, GBM remains among the most challenging oncological conditions to treat,
with a median overall survival of 14.6 months and a devastating 5-year survival rate of
approximately 5–7% [3,4].

The dismal prognosis of GBM stems from several intrinsic biological characteristics
that render conventional therapeutic approaches inadequate. Recent breakthrough studies
have revealed that glioblastoma cells hijack neuronal mechanisms for brain invasion,
exploiting synaptic input and migration pathways that facilitate organized collective
invasion through “oncostreams” [5]. This infiltrative behavior, guided by tumor-associated
microglia through plexin-B2-mediated alignment, renders complete surgical resection
virtually impossible even with maximal safe resection techniques [6]. Furthermore, the
heterogeneous tumor microenvironment harbors glioma stem cells (GSCs) that exhibit
intrinsic resistance to radiotherapy and chemotherapy, contributing to inevitable tumor
recurrence [7,8].

Current standard-of-care treatment, established by the landmark Stupp protocol, com-
bines maximal safe surgical resection followed by concurrent radiotherapy with temozolomide
chemotherapy [3]. However, primary resistance to temozolomide affects approximately 50%
of patients due to O6-methylguanine-DNA methyltransferase (MGMT) overexpression, while
acquired resistance develops through multiple mechanisms including enrichment of treatment-
resistant stem cell populations [9,10]. These GSCs, characterized by expression of markers
such as CD133, CD44, and SOX2, demonstrate enhanced DNA repair capabilities and altered
metabolic profiles that enable survival under therapeutic stress [11].

The blood–brain barrier (BBB) presents an additional formidable obstacle to effective
drug delivery, limiting the penetration of therapeutic agents to tumor sites while creating
sanctuary sites for residual cancer cells [12,13]. Conventional chemotherapeutic agents
often fail to achieve therapeutically relevant concentrations within brain parenchyma,
necessitating higher systemic doses that increase toxicity to normal tissues [14].

Active targeting strategies utilizing specific ligand conjugation enhance nanomedicine
selectivity beyond passive targeting mechanisms [15]. Peptide-based approaches have
demonstrated improved therapeutic indices through receptor-mediated cellular uptake,
offering promising strategies for optimizing ZnO nanoparticle selectivity in glioblastoma
therapy via brain tumor-specific ligand conjugation.

In recent years, nanotechnology has emerged as a transformative approach in cancer
therapeutics, offering unprecedented opportunities to overcome the limitations of con-
ventional treatments [16,17]. Among various nanomaterials, ZnO NPs have garnered
significant attention due to their unique physicochemical properties, including biocom-
patibility, selective cytotoxicity toward cancer cells, and the ability to generate reactive
oxygen species (ROS) [18,19]. ZnO NPs exhibit a wide band gap energy of approximately
3.3 eV, enabling photocatalytic activation that enhances their therapeutic efficacy through
photodynamic mechanisms [20].
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The anticancer activity of ZnO NPs operates through multiple convergent mechanisms,
including pH-responsive dissolution in the acidic tumor microenvironment (pH 5.5–6.5),
mitochondrial targeting with subsequent apoptosis induction, and selective accumulation
in rapidly proliferating cells [18,21]. Studies have demonstrated preferential cytotoxicity
against various glioma cell lines (A172, U87, LNZ308) while showing minimal effects
on normal astrocytes, suggesting a favorable therapeutic window [22]. The mechanism
of selective toxicity involves differential cellular uptake, enhanced ROS generation in
cancer cells with compromised antioxidant systems, and zinc ion-mediated disruption of
mitochondrial membrane potential [23].

Traditional chemical synthesis methods for ZnO NPs often involve high-temperature
processes (500–1000 ◦C), hazardous chemicals, and significant environmental impact [24].
In contrast, green synthesis approaches utilizing biological organisms offer environmentally
sustainable alternatives with enhanced biocompatibility and potentially superior therapeutic
properties [25,26]. Bacterial-mediated synthesis, particularly using non-pathogenic species such
as Bacillus licheniformis, has emerged as a promising approach for producing ZnO NPs with
controlled morphology, enhanced stability, and reduced cytotoxicity to normal cells [27,28].

The biogenic synthesis process typically involves extracellular enzyme-mediated
reduction of zinc salts through NADH-dependent reductases, with bacterial exopolysac-
charides providing natural capping and stabilization [29]. This approach offers several
advantages over chemical methods, including ambient temperature and pressure condi-
tions, renewable biological resources, minimal waste generation, and the production of
nanoparticles with enhanced colloidal stability and biocompatibility [30,31].

Bacillus licheniformis, a Gram-positive, non-pathogenic bacterium widely distributed
in natural environments, has demonstrated particular efficacy in nanoparticle biosynthesis
due to its robust enzyme systems and ability to secrete stabilizing biomolecules [32]. Previ-
ous studies have shown that B. licheniformis-mediated synthesis produces ZnO NPs with
hexagonal wurtzite crystal structure, optimal size distribution (10–50 nm), and enhanced an-
timicrobial and anticancer activities compared to chemically synthesized counterparts [33].

The potential of biogenically synthesized ZnO NPs in glioblastoma therapy is partic-
ularly noteworthy given their ability to address multiple therapeutic challenges simulta-
neously. Their nanoscale dimensions may facilitate BBB penetration through transcytosis
mechanisms, while their pH-responsive behavior enables selective activation within the
acidic tumor microenvironment [34]. Additionally, their capacity to generate multiple
ROS species upon UV or visible light activation presents opportunities for photodynamic
therapy applications in conjunction with surgical interventions [18].

Recent advances in nanomedicine have demonstrated clinical viability, with over
50 FDA-approved nanotherapeutics currently in clinical use and more than 200 nanomedicine
formulations in various stages of clinical trials [35,36]. The translation of ZnO NPs to clinical
applications is supported by zinc’s essential biological role (recommended daily intake of
8–11 mg) and its Generally Recognized as Safe (GRAS) status for topical applications [37].

In this study, we aim to evaluate the cytotoxic effects of biogenically synthesized ZnO
NPs using B. licheniformis on primary cultures of chicken embryonic retinal cells and the
NG-108 glioblastoma cell line. By comparing the responses of these two cell types to various
concentrations and exposure times of ZnO NPs, we seek to determine the potential for
selective cytotoxicity toward glioma cells while preserving normal neural tissue viability.

Our research contributes to the growing body of evidence supporting the develop-
ment of environmentally sustainable nanotherapeutics for glioblastoma treatment. By
elucidating the complex interactions between biogenic ZnO NPs and glioma cells, we aim
to establish a foundation for the development of more effective, targeted, and environmen-
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tally responsible treatments for this devastating disease, offering new hope for patients
suffering from this aggressive form of brain cancer while advancing the principles of green
nanotechnology in biomedical applications.

2. Materials and Methods

2.1. Sample Collection and Bacterial Isolation

The bacterial strain TT14s, employed for ZnO biosynthesis, was originally iso-
lated from soil samples collected at the Tutupaca mining environmental liability site
in the Candarave province, Tacna, Peru (coordinates: east 0358602; north 8113940;
altitude 4687 m.a.s.l.). The environmental samples underwent systematic homogenization
and granulometric separation followed by aqueous extraction under sterile conditions to
obtain a cell suspension. The isolation protocol specifically targeted alkaliphilic microorgan-
isms through a selective enrichment strategy, employing sequential subcultures in nutrient
broth medium adjusted to pH 10.5 with 0.1 N NaOH. Subsequently, discrete bacterial
colonies exhibiting alkaline-tolerance were isolated through streak-plate technique on nu-
trient agar under identical pH conditions. The isolate was preserved in the Bioremediation
Laboratory culture collection at Jorge Basadre Grohmann National University, where it was
assigned the designation TT14s for taxonomic and experimental purposes.

2.2. Molecular Identification and Sequencing

DNA extraction from bacterial isolate TT14s was accomplished employing the InnuPREP
Bacteria DNA Kit according to the protocol provided by the manufacturer. Quantitative
and qualitative assessment of the extracted DNA was performed through fluorescence-based
measurement using a Qubit 4 fluorometer (Life Technologies, Carlsbad, CA, USA).

Sequencing library construction was carried out using the Illumina DNA Prep protocol
(Illumina, Granta Park, Cambridge, UK), with incorporation of distinctive dual barcodes
from the Nextera DNA CD Indexes system (Illumina, Granta Park, Cambridge, UK) to
facilitate sample multiplexing during sequencing runs. Whole-genome sequencing was
performed on the Illumina MiSeq Control platform (Version 2.6.0) employing a V3 600-cycle
chemistry kit, which produced paired-end sequence reads of 2 × 151 nucleotides.

Species-level identification was achieved through phylogenetic analysis of the 16S
ribosomal RNA gene sequence recovered from the complete genome assembly. Taxonomic
assignment was determined by sequence homology searching against the National Center
for Biotechnology Information (NCBI) reference database using the Basic Local Alignment
Search Tool (BLAST+, Version 2.15.0) algorithm. This genomic approach for bacterial
identification, consistent with methodologies established by Cáceda et al. (2023) [38],
enabled precise taxonomic placement of isolate TT14s.

2.3. Biogenic ZnO Synthesis by Bacillus licheniformis

The green synthesis of ZnO nanoparticles was conducted using Bacillus licheniformis strain
TT14s, previously isolated and molecularly characterized from our laboratory’s microbial
repository. The synthetic approach was adapted from established protocols reported by
Tripathi and colleagues (2021) [39], incorporating specific modifications to optimize production
yield and scalability. The experimental procedure initiated with bacterial reactivation in
Brain Heart Infusion (BHI) medium at 35 ◦C for 24 h. Following reactivation, cultures were
transferred onto nutrient agar plates and incubated at 35 ◦C for an additional 24 h period to
obtain viable bacterial colonies. Morphological verification was conducted through Gram
staining techniques to confirm the characteristic features of B. licheniformis: Gram-positive,
rod-shaped bacterial cells with terminal rounding and endospore-forming capability.
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Active bacterial cultures were grown in nutrient broth at 35 ◦C with continuous agita-
tion at 180 rpm over a 48 h period. Biomass collection was achieved through centrifugation
at 8000 rpm for 10 min. The biosynthetic reaction was initiated by combining 5 g of har-
vested bacterial biomass with a precursor solution containing 375 mL of 0.2 M zinc acetate
dihydrate and 375 mL of 0.5 M sodium bicarbonate, both dissolved in sterile deionized
water. The reaction vessel was maintained at 35 ◦C under continuous agitation at 170 rpm
for 72 h to promote bacterial-mediated nanoparticle formation.

Product recovery involved centrifugal separation at 8000 rpm for 10 min, followed by
six consecutive washing steps using sterile deionized water to eliminate impurities and
residual bacterial byproducts. The recovered precipitate underwent thermal dehydration
at 60 ◦C for 18 h. Thermal analysis and crystallization enhancement were conducted using
thermogravimetric and differential scanning calorimetric techniques. Final crystallization
was accomplished through mechanical homogenization using an agate pestle and mortar,
followed by calcination at 350 ◦C for 2 h in a ceramic vessel. A final grinding step was
performed to deaggregate the calcined ZnO nanoparticles, producing a uniform powder
suitable for comprehensive characterization and biological evaluation.

2.4. Characterization Techniques

Thermal characterization of the biosynthesized ZnO nanoparticles was conducted
using multiple complementary analytical approaches. Weight loss behavior and ther-
mal transitions were evaluated through thermogravimetric analysis (TGA) coupled with
differential scanning calorimetry (DSC) on samples prior to calcination, employing an
SDT650 thermal analyzer (TA Instruments, New Castle, DE, USA) operating under nitro-
gen atmosphere (100 mL/min flow rate) with a controlled heating ramp of 20 ◦C/min.
Crystallographic structure determination was accomplished via X-ray powder diffraction
(XRD) analysis of calcined specimens using a PANalytical Aeris Research diffractometer
operating with Cu Kα radiation at 40 kV and 15 mA (Malvern Panalytical Ltd., Almelo, The
Netherlands). Vibrational spectroscopic characterization was performed using attenuated
total reflectance Fourier-transform infrared (ATR-FTIR) analysis across the 200–4000 cm−1

spectral range with a Bruker Invenio R spectrometer (Ettlingen, Germany). Morphological
assessment was conducted through transmission electron microscopy (TEM) employing a
Thermo Scientific Talos 200i instrument operating at 200 kV (Thermo Scientific Co., Eind-
hoven, The Netherlands). Surface topography investigation was carried out using scanning
electron microscopy with a Thermo Scientific Quattro S microscope at 30 kV under high
vacuum conditions (Thermo Scientific Co., Eindhoven, The Netherlands). Photolumines-
cence (PL) measurements were performed using a fluorescence spectrometer (Fluorormax
Plus, Horiba Scientific, Irvine, CA, USA) at room temperature with multiple excitation
wavelengths (325, 365, and 405 nm) to comprehensively analyze defect-related emission
characteristics. The defect-related emission intensity was correlated with potential ROS
generation capacity based on established literature relationships between oxygen vacancy
defects and reactive species formation.

2.5. Zeta Potential and Colloidal Stability Assessment

Zeta potential measurements were conducted using the salt addition method to de-
termine the isoelectric point and assess colloidal stability. Solutions containing 50 mg
ZnO nanoparticles in 50 mL of 0.1 M NaCl were prepared at pH values ranging from
3 to 11, adjusted using 0.1 M HCl and NaOH solutions. Samples were maintained under
constant stirring for 24 h at 25 ◦C and subsequently filtered through 0.45 μm membrane
filters, and the final pH was measured using a calibrated pH meter. The isoelectric point
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was determined from the intersection of initial vs. final pH plots. Chemical stability was
verified by X-ray diffraction analysis of samples recovered after pH stability studies.

2.6. Primary Cultures of Embryonic Chicken Retinal Neuronal Cells

Fertilized chicken eggs (Gallus gallus, White Leghorn breed) at embryonic development
stage 7 (E7) were sourced from a local commercial supplier (Arequipa, Peru) and maintained
in controlled incubation at 37.4 ◦C with 5% moisture content. Embryonic tissue extraction
was conducted under aseptic conditions within a laminar airflow workstation. After rapid
enucleation of ocular structures, eyes were transferred to 40 mm glass culture vessels contain-
ing calcium and magnesium-free saline buffer (CMF). Retinal tissues were carefully extracted
and subjected to enzymatic disaggregation using 0.2% trypsin solution (Sigma-Aldrich, St.
Louis, MO, USA) for 15 min at 37 ◦C. Post-dissociation, cellular material was cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and antimicrobial
agents comprising 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen, USA).
Cellular suspensions were distributed onto 35 mm culture vessels (Corning, Corning, NY,
USA) at a plating density of 2.5 × 106 cells per dish. Incubation conditions were maintained
at 37 ◦C in a humidified environment containing 5% CO2 and 95% atmospheric air.

2.7. NG-108 Glioblastoma Cell Line Culture

The NG-108 cellular model, representing a fusion hybrid of mouse N18TG-2 neurob-
lastoma and rat C6 BV-1 glioma lineages, was utilized in this investigation. Cryopreserved
NG-108 stocks (comprising 40% DMEM, 50% FBS, 10% DMSO) were rapidly thawed
at 37 ◦C in a water bath. Cellular material was gently resuspended and transferred to
10 mL culture tubes containing 1 mL DMEM medium. Cell lines were established in DMEM
medium supplemented with 2 mM L-glutamine (Sigma-Aldrich, USA) and 10% FBS. Fol-
lowing 24 h of initial culture, the growth medium was refreshed to eliminate residual
DMSO. Cellular maintenance was performed in 25 cm2 culture flasks (Corning, USA) at
37 ◦C with 5% CO2 atmosphere for extended periods. Medium renewal was conducted
every 48 h. Subculturing procedures were executed at 70% confluency using 0.25% trypsin-
EDTA solution (Gibco, USA). Cell suspensions underwent centrifugation at 3500 rpm for
5 min, and cellular quantification was accomplished using a Neubauer hemocytometer.

2.8. Zinc Oxide NP Concentrations and Treatment Times

Primary retinal cell cultures (E7C2) were maintained in DMEM medium supplemented
with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 ◦C in a 5% CO2

humidified environment. ZnO nanoparticles underwent sterilization through autoclave
treatment at 121 ◦C for 10 min at 15 psi pressure. A master stock solution of 1 mg/mL
ZnO nanoparticles was prepared in sterile ultrapure water. Before cellular treatment,
nanoparticles were subjected to ultrasonic dispersion (Branson Ultrasonics, Danbury, CT,
USA) at ambient temperature for 10 min to ensure uniform distribution. Embryonic
retinal and NG-108 cell cultures were exposed to ZnO nanoparticles at final working
concentrations of 10, 50, and 100 μg/mL for exposure periods of 1, 6, 12, and 24 h. Control
cultures were maintained without nanoparticle exposure for each experimental condition.

2.9. MTT Cell Viability Assays

Cytotoxic effects of ZnO nanoparticles were evaluated using the MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric viability assay.
Embryonic retinal cellular preparations (2.5 × 106 cells/dish) and NG-108 glioblastoma
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cultures (1 × 106 cells/20 mm dish) underwent treatment with ZnO nanoparticles as
previously described. Post-treatment, MTT reagent (5 mg/mL in PBS, Sigma-Aldrich,
USA) was introduced to each culture well and maintained for 4 h at 37 ◦C. Subsequently,
cultures underwent washing with Hank’s Balanced Salt Solution (HBSS composition: NaCl
128 mM, KCl 4 mM, Na2HPO4 1 mM, KH2PO4 0.5 mM, MgCl2 1 mM, CaCl2 3 mM, HEPES
20 mM, glucose 12 mM, pH 7.4). Formazan crystal dissolution was accomplished using an
isopropanol-HCl mixture (1:0.6 ratio). Optical density measurements were performed at
570 nm using a spectrophotometer (Ultrospec 1000, Pharmacia Biotech, Amersham, UK).

2.10. DAPI Nuclear Staining in NG-108 Glioma Cultures

NG-108 cellular cultures exposed to ZnO nanoparticles (10, 50, and 100 μg/mL) for
1 h underwent nuclear morphology assessment. Culture preparations were washed twice
with phosphate-buffered saline (0.16 M, pH 7.6) and fixed using 4% paraformaldehyde in
PBS for 15 min at ambient temperature. Nuclear visualization was performed using DAPI
(4′,6-diamidino-2-phenylindole, Invitrogen, USA) following the manufacturer’s protocols.
Cellular specimens were observed and documented using an Olympus IX73 Inverted
Fluorescence Microscope (Olympus, Tokyo, Japan). Quantification of cells displaying
normal versus fragmented nuclear morphology was conducted across 6 randomly selected
fields at 37.8× magnification.

2.11. Statistical Analysis

Data analysis was performed using GraphPad Prism 8.4 statistical software (Graph-
Pad Software Inc., San Diego, CA, USA). All experimental results are reported as mean
values ± standard error of the mean (SEM) calculated from a minimum of three indepen-
dent experimental replicates. Statistical significance evaluation was conducted through
one-way analysis of variance (ANOVA), with post hoc analysis utilizing Tukey’s honestly
significant difference test and Dunnett’s multiple comparison methodology. Statistical
significance threshold was established at p < 0.05.

3. Results

3.1. Results of Molecular Identification

The taxonomic identification of bacterial strain TT14s was conducted through com-
prehensive molecular analysis of the 16S rRNA gene sequence using high-resolution com-
parative genomics approaches. The amplified sequence, comprising 1242 base pairs, was
subjected to nucleotide BLAST analysis against the curated NCBI GenBank database
to establish phylogenetic relationships. Sequence similarity analysis revealed 100% se-
quence identity with reference strains of Bacillus licheniformis (GenBank accession numbers
NR_118996.1, NR_116023.1), indicating precise taxonomic placement within this species.
To establish evolutionary relationships and confirm the taxonomic position, phylogenetic
reconstruction was performed using the Neighbor Joining algorithm, incorporating ap-
propriate nucleotide substitution models and statistical parameters. The resulting phylo-
genetic tree topology unambiguously positioned strain TT14s within the B. licheniformis
clade, providing robust support for its taxonomic classification. This molecular systematic
approach, based on 16S rRNA gene sequence analysis, represents a reliable method for
bacterial identification, particularly within the genus Bacillus, where this genetic marker
exhibits sufficient discriminatory power for species-level resolution. For reference pur-
poses and to facilitate future comparative analyses, the 16S rRNA gene sequence of strain
TT14s has been deposited in the GenBank nucleotide database and assigned the accession
number PV034281.
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3.2. Thermogravimetric and Scanning Differential Calorimetry

Figure 1 presents the thermal behavior of biosynthesized ZnO NPs through combined
TGA-DSC analysis, revealing critical insights into material composition and transformation
processes. The TGA curve demonstrates gradual mass reduction from ambient temperature,
with pronounced weight loss between 200 ◦C and 300 ◦C, accounting for approximately 33%
of initial sample weight, confirming substantial organic content from bacterial synthesis.

Figure 1. Thermogravimetric and differential scanning calorimetry of as prepared sample.

The DSC profile exhibits five distinct thermal events with specific mechanistic signifi-
cance. An initial endothermic peak at 139.58 ◦C is attributed to desorption of surface-bound
water molecules and volatile organic compounds from bacterial cell walls. A subsequent
endothermic transition at 220 ◦C corresponds to zinc acetate complex decomposition and
bacterial protein degradation. The major endothermic event at 285 ◦C represents primary
bacterial biomass and organic capping agent decomposition, coinciding with maximum
TGA mass loss. An exothermic peak at 365 ◦C indicates ZnO crystallization and annealing
processes, while thermal events beyond 419 ◦C signify final organic matter elimination and
crystal structure optimization.

The thermal profile stabilization beyond 350 ◦C validates the chosen calcination param-
eters (350 ◦C for 2 h), confirming effective removal of bacterial remnants while facilitating
high-quality crystalline ZnO formation. This systematic thermal analysis elucidates the
crucial role of controlled thermal treatment in transforming biogenic precursors into pure,
crystalline ZnO nanoparticles with optimized structural properties [40,41].

3.3. X-Ray Diffraction Results

The X-ray diffraction pattern of the biogenically synthesized ZnO NPs is presented in
Figure 2. The diffractogram reveals well-defined diffraction peaks that can be indexed to
the hexagonal wurtzite crystal structure of zinc oxide, consistent with the Crystallography
Open Database (COD) reference 96-210-7060. All observed diffraction peaks at 2θ values of
32.03◦, 34.67◦, 36.51◦, 47.78◦, 56.83◦, 63.07◦, 68.16◦, 69.30◦, 72.76◦, and 77.16◦ correspond
to the (100), (002), (101), (102), (110), (103), (112), (201), (004), and (202) crystallographic
planes, respectively, confirming the formation of phase-pure ZnO without detectable
impurities [42].
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Figure 2. X-ray diffraction of obtained material.

Rietveld structure refinement was performed to obtain precise crystallographic pa-
rameters and structural information. The refinement confirmed that the synthesized ZnO
NPs crystallize in the hexagonal crystal system with space group P 63 m c (No. 186),
characteristic of the wurtzite structure [43]. The refined lattice parameters were determined
to be a = b = 3.25018 Å and c = 5.2087 Å, yielding a c/a ratio of 1.603, which is consistent
with the ideal wurtzite structure. These values are in excellent agreement with the COD
Card 96-210-7060 standard reference for synthetic wurtzite.

The quality of the Rietveld refinement was assessed through statistical reliability
factors. The weighted profile R-factor (Rwp) of 4.61% and profile R-factor (Rp) of 3.36%
indicate an excellent fit between the experimental and calculated diffraction patterns [44].
The goodness of fit (GOF) value of 0.94 confirms the reliability of the structural model, as
values close to unity indicate optimal refinement quality [45].

The average crystallite size was determined directly from the Rietveld refinement
through the analysis of peak broadening parameters, yielding a value of 15.48 nm. This
microstructural parameter was extracted from the refined profile function that accounts for
both instrumental and sample-dependent broadening effects, providing a more accurate
determination compared to single-peak analysis methods [46]. The obtained crystallite size
falls within the typical range reported for biogenically synthesized ZnO NPs, confirming
the nanocrystalline nature of the synthesized material [47].

Microstrain analysis revealed a low microstrain value of 0.016%, indicating minimal
lattice distortions in the crystal structure. This low microstrain suggests well-ordered
crystalline domains with minimal defects, which is characteristic of high-quality ZnO
NPs synthesized under controlled conditions [48]. The calculated theoretical density of
5.67 g/cm3 matches the standard bulk density of ZnO, confirming the formation of dense
crystalline nanoparticles without significant porosity or structural defects.

The sharp and well-resolved diffraction peaks, combined with the absence of addi-
tional peaks, confirm the formation of single-phase hexagonal ZnO with high crystallinity.
The narrow peak widths indicate good structural ordering and uniform crystallite size
distribution, which is advantageous for potential biomedical applications where consistent
physicochemical properties are crucial [49].
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3.4. FTIR Spectroscopy Results

The FTIR spectrum of the calcined ZnO NPs (Figure 3) confirms successful biogenic
synthesis and thermal processing. The spectrum exhibits four distinct absorption bands at
2346, 1533, 1377, and 381 cm−1, which validate both ZnO formation and controlled surface
chemistry following the 350 ◦C calcination treatment.
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Figure 3. FTIR spectra of ZnO nanoparticles.

The broad transmission baseline above 3000 cm−1 indicates minimal O-H stretching
vibrations from surface hydroxyl groups, confirming effective removal of bacterial biomass
and adsorbed water during calcination [50]. This reduced hydration is consistent with the
33% mass loss observed in TGA analysis and demonstrates successful thermal processing.

The sharp absorption band at 2346 cm−1 corresponds to atmospheric CO2 contami-
nation during spectroscopic measurement [51]. However, minor contributions may arise
from residual carbonate species formed during the synthesis process involving sodium
bicarbonate as a co-precursor.

The absorption band at 1533 cm−1 is assigned to N-H bending vibrations and C-N
stretching modes from thermally stable nitrogen-containing compounds, likely originating
from bacterial cell wall components that survived the calcination process, indicating selec-
tive preservation of specific biomolecular functionalities that may contribute to enhanced
biocompatibility. Additionally, the band at 1377 cm−1 corresponds to symmetric stretching
vibrations of carboxylate groups (COO−), formed during the interaction between zinc
acetate precursors and bacterial exudates during the 72-h incubation period [52,53].

The most diagnostic absorption band appears at 381 cm−1, corresponding to the
characteristic Zn-O stretching vibrations of the hexagonal wurtzite crystal structure [54].
The sharp, intense nature of this fundamental vibration confirms formation of highly
crystalline ZnO NPs, validating the effectiveness of the thermal treatment in promoting
complete crystallization while maintaining the desired wurtzite structure.

The FTIR spectrum demonstrates that the biogenic synthesis protocol using B. licheni-
formis followed by 350 ◦C calcination produces ZnO NPs with minimal organic surface
modification. The thermal treatment effectively removed the majority of bacterial biomass
while preserving only essential surface functionalities (carboxylate and amine groups)
that enhance biocompatibility without compromising the intrinsic crystalline properties of
ZnO [25]. This controlled surface chemistry represents an optimal balance for biomedical
applications, maintaining the crystalline integrity necessary for anticancer activity while
preserving selective organic modifications derived from the bacterial synthesis process.
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3.5. Scanning and Transmission Electron Microscopy

Scanning electron microscopy analysis (Figure 4a,b) revealed that biogenic ZnO NPs
exhibit a complex morphological architecture characterized by primary structures ranging
from spherical to plate-like configurations. These secondary structures comprise aggregates
of individual nanoparticles, as clearly evidenced in transmission electron microscopy (TEM)
images (Figure 4c), where apparently compact structures are observed to consist of discrete
nanoparticles with an average size of 19.37 ± 5.28 nm. This hierarchical organization
is characteristic of biogenic synthesis, wherein biomolecules function as stabilizing and
morphology-directing agents, promoting the formation of controlled aggregates rather
than isolated particles [55,56].

  
(a) (b) 

  
(c) (d) 

Figure 4. Electron microscopy characterization of biogenic ZnO NPs. (a,b) Scanning Electron
Microscopy images at different magnifications showing spherical and plate-like ZnO structures.
(c) TEM image revealing individual nanoparticles with average size of 19.37 ± 5.28 nm forming
the observed structures. (d) HRTEM image showing lattice fringes with d-spacing of 0.244 nm
corresponding to the (101) plane of wurtzite ZnO.
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High-resolution transmission electron microscopy (HRTEM) (Figure 4d) analysis
confirmed the crystalline nature of the synthesized material, revealing an interplanar
spacing of 0.244 nm corresponding to the (101) crystallographic plane of the wurtzite ZnO
structure [57]. This measurement demonstrates excellent agreement with reported values
for high-quality crystalline ZnO and confirms that the biogenic synthesis process does
not compromise the structural integrity of the material, maintaining the crystallographic
properties necessary for advanced applications [58].

3.6. Photoluminescence Analysis and Defect Characterization

Photoluminescence spectroscopy at multiple excitation wavelengths provides critical
insights into the electronic defect structure correlating with biological activity (Figure 5),
where the PL spectra at excitation wavelengths of 254, 325, and 355 nm reveal distinct
emission characteristics that depend on the excitation energy and penetration depth, with
254 nm excitation (4.88 eV) showing a dominant sharp emission peak centered at approxi-
mately 380 nm attributed to near-band-edge (NBE) recombination of free excitons consis-
tent with established ZnO nanostructure while 325 nm excitation [59] (3.82 eV) produces
NBE emission at 380 nm accompanied by broad defect-related emission extending from
500–600 nm with moderate intensity, and most significantly, 355 nm excitation (3.49 eV)
generates the most intense broad emission band centered at approximately 550 nm in the
green-yellow region accompanied by a secondary defect band around 500 nm. The broad
emission at 550 nm observed under 355 nm excitation is attributed to oxygen vacancy (Vo)
and zinc interstitial (Zni) defects within the ZnO lattice formed during the biogenic synthe-
sis process under reducing bacterial metabolite conditions, where the excitation wavelength
dependence indicates different defect levels being accessed, with 254 nm primarily activat-
ing band-edge states with minimal defect activation, 325 nm accessing intermediate defect
levels with moderate oxygen vacancy contribution, and 355 nm achieving maximum defect
state population particularly oxygen vacancies [60]. According to established literature
correlations, the intensity of defect emission under 355 nm excitation directly correlates
with ROS generation capacity under dark conditions through defect-mediated mechanisms
where oxygen vacancies interact with water molecules to form hydroxyl radicals and
subsequently generate superoxide anions and hydrogen peroxide in aqueous cellular envi-
ronments through the reaction sequence [61] VO + H2O → V+

O + OH− + e− , followed by
e− + O2 → O−•

2 and 2O−•
2 + 2H+ → H2O2 + O2 . The high defect-to-band-edge emission

ratio indicates substantial oxygen vacancy concentration explaining the observed cytotoxic
activity through defect-mediated ROS generation in aqueous cellular environments without
external photoactivation, where this intrinsic ROS generation capacity maximally activated
under near-UV conditions (355 nm) provides the mechanistic foundation for the selective
anticancer activity observed in biological assays, as demonstrated by studies showing
direct correlation between photoluminescence defect emission intensity and enhanced
reactive oxygen species production capacity in ZnO nanoparticles with formation energies
of oxygen vacancies calculated as 1.3–1.52 eV using thermodynamic approaches [21,62].

3.7. Colloidal Stability and Surface Charge Characteristics

Zeta potential analysis reveals critical information about colloidal stability and surface
interactions relevant to biological applications (Figure 6), where the zeta potential varies
systematically with pH exhibiting an isoelectric point (IEP) at pH 7.46 that is particularly
significant as it closely matches physiological pH conditions (7.4), resulting in near-neutral
surface charge (±2.5 mV) during biological assays, which differs from typical literature
values of pH 9.7–10.3 for pristine ZnO nanoparticles indicating substantial surface mod-
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ification effects from the biogenic synthesis process involving bacterial metabolites and
extracellular polymeric substances [63]. At the experimental pH conditions used for cy-
totoxicity studies (pH 7.4–7.6), the minimal surface charge indicates reduced electrostatic
interactions with cell membranes enabling controlled cellular uptake, minimal protein
corona formation preserving nanoparticle bioactivity, and optimal dispersion stability
without excessive aggregation or repulsion, as established by studies demonstrating that
surface neutrality achieved through natural capping agents significantly limits binding sites
for undesired serum proteins thereby reducing immune system activation and improving
bioavailability in biological systems [64].
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Figure 5. PL Spectra of biogenic ZnO NPs at distinct excitation wavelengths.
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The pH stability study demonstrates remarkable chemical robustness across the tested
pH range (3–11) where XRD analysis of samples recovered after 24 h exposure to extreme
pH conditions (Figure 7) confirms retention of the pure hexagonal wurtzite structure with-
out phase transitions or decomposition products, validating the suitability of biogenic ZnO
nanoparticles for diverse biological applications spanning different physiological pH envi-
ronments, which is consistent with reports showing ZnO nanoparticles maintain structural
integrity despite size-dependent dissolution at circumneutral pH where organic chelators
can enhance dissolution for smaller particles while larger aggregates remain stable [65].
This stability profile combined with the near-neutral zeta potential at physiological pH
optimizes the balance between cellular uptake efficiency and biocompatibility contributing
to the observed selective cytotoxicity profile against glioblastoma cells, where the enhanced
stability compared to chemically synthesized ZnO is attributed to the protective biomolec-
ular capping layer formed during bacterial synthesis providing steric stabilization and
preventing aggregation-induced precipitation [66–68].
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Figure 7. XRD analysis after different pH exposure of biogenic ZnO.

3.8. Effect of ZnO NPs on Primary Retinal Cells

The cytotoxic effect of ZnO NPs on primary cultures of embryonic chicken retinal
cells was evaluated using the MTT assay. Our results demonstrated a concentration- and
time-dependent cytotoxicity (Table 1, Figure 8). At lower concentrations (10 and 50 μg/mL),
no significant cytotoxicity was observed after 1 h of incubation (96.53 ± 0.22% and
89.68 ± 1.70% viability, respectively; p > 0.05). However, significant cell death was observed
at these concentrations after 6, 12, and 24 h of exposure (p < 0.001).

At the highest concentration tested (100 μg/mL), significant cytotoxicity was observed
at all time points. Cell viability decreased to 78.90 ± 0.94% after 1 h and further declined to
43.48 ± 2.34% after 24 h of exposure (p < 0.0001). These results indicate that primary retinal
cells are relatively resistant to short-term exposure to ZnO NPs at lower concentrations but
become increasingly susceptible over time and at higher concentrations.
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Table 1. Dose- and time-dependent cytotoxicity of zinc oxide nanoparticles (ZnO NPs) in primary
retinal cells: cell viability percentages (mean ± SEM) from n = 3–4 independent experiments with
N = 3–4 replicates per condition. Values with letter (a) show no significant differences (Tukey,
p > 0.05).

Concentration 10 μg/mL 50 μg/mL 100 μg/mL

Time Mean % SEM N Mean % SEM N Mean % SEM N

Control 100.00 a 0.12 3 100.00 a 3.52 4 100 0.74 4
1 h 96.53 a 0.22 3 89.68 a 1.7 4 78.9 0.94 4
6 h 74.7 1.57 3 58.21 1.8 4 48.31 3.73 4

12 h 79.39 2.64 3 62.76 0.09 4 46.61 2.34 4
24 h 72.36 1.09 3 54.77 2.24 4 43.48 2.34 4

 

Figure 8. Time- and concentration-dependent cytotoxicity of ZnO NPs on primary retinal cells. Data
are presented as mean ± SEM. ** p < 0.01, **** p < 0.0001 compared to control (one-way ANOVA
followed by Dunnett’s multiple comparisons test).

The observed time-dependent increase in cytotoxicity suggests a cumulative effect
of ZnO NPs on retinal cells. This could be due to gradual nanoparticle uptake, sustained
generation of reactive oxygen species (ROS), or progressive disruption of cellular processes.
The concentration-dependent effect indicates a dose-threshold for significant cytotoxicity,
which could be important for determining safe exposure levels in potential therapeutic
applications [69–71].

3.9. Effect of ZnO NPs on NG-108 Glioblastoma Cells

The cytotoxic effect of ZnO NPs on NG-108 glioblastoma cells was more pronounced
compared to primary retinal cells (Table 2, Figure 9). After just 1 h of incubation, significant
reductions in cell viability were observed across all tested concentrations. Cell viability
decreased to 70.41 ± 4.29%, 58.23 ± 3.15%, and 36.07 ± 1.89% at 10, 50, and 100 μg/mL,
respectively (p < 0.001 for 10 μg/mL and p < 0.0001 for 50 and 100 μg/mL).

These results demonstrate a higher sensitivity of NG-108 glioblastoma cells to ZnO NPs
compared to primary retinal cells, particularly at shorter exposure times. This differential
cytotoxicity suggests a potential therapeutic window for targeting glioblastoma cells while
minimizing damage to healthy neural tissue. The rapid onset of cytotoxicity in glioblastoma
cells could be attributed to their higher metabolic rate, increased proliferation, or altered
membrane permeability compared to normal cells [72–74].
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Table 2. Effect of ZnO NPs on NG-108 glioblastoma cell viability after 1 h of exposure. Data are
presented as mean percentage of viable cells ± SEM (n = 3 independent experiments).

Concentrations (μg/mL)
Zinc Oxide NPs Incubated for 1 h

Mean % SEM N

Control 100 1.22 3
10 70.41 4.29 3
50 58.23 3.15 3
100 36.07 1.89 3

Figure 9. Dose-dependent cytotoxicity of ZnO NPs on NG-108 glioblastoma cells after 1 h of exposure.
Data are presented as mean ± SEM. *** p < 0.001, **** p < 0.0001 compared to control (one-way
ANOVA followed by Dunnett’s multiple comparisons test).

3.10. Comparative Analysis of ZnO NPs’ Sensitivity

To quantitatively assess the differential cytotoxic response and establish the therapeutic
window of ZnO NPs, we performed a comprehensive comparative analysis be-tween
primary retinal cells and NG-108 glioblastoma cells after 1 h of exposure (Figure 10).
Two-way ANOVA revealed highly significant main effects of both cell type (F1,14 = 89.42,
p < 0.0001) and ZnO concentration (F3,14 = 11.00, p < 0.001), with no significant interaction
effect (F3,14 = 1.25, p = 0.326), indicating that the differential sensitivity pattern remains
consistent across all tested concentrations.

Post hoc analysis using Sidak’s multiple comparisons test revealed a concentration-
dependent pattern of selectivity: no significant difference between cell types at 10 μg/mL
(ns), but highly significant differences at 50 μg/mL (p < 0.0001, mean difference: 40%) and
100 μg/mL (p < 0.0001, mean difference: 45%). These results demonstrate that selective
cytotoxicity emerges at concentrations ≥ 50 μg/mL, establishing a clear threshold for
therapeutic selectivity.

The concentration-dependent selectivity analysis revealed minimal selectivity at
10 μg/mL (1.4-fold, ns), but substantial therapeutic windows at higher concentrations:
1.7-fold at 50 μg/mL and 2.3-fold at 100 μg/mL (both p < 0.0001). Notably, NG-108 glioblas-
toma cells exhibited significant cytotoxicity at all concentrations compared to un-treated
controls (p < 0.001 for all concentrations), whereas primary retinal cells showed significant
viability reduction only at 100 μg/mL (p < 0.05), confirming the safety profile for normal
neural tissue at therapeutically relevant concentrations.
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Figure 10. Comparative cell viability of retinal cells and NG-108 glioblastoma cells exposed to ZnO
NPs for 1 h. Data represent mean ± SEM (n = 3–4). Two-way ANOVA with Sidak’s post hoc test.
&&&& p < 0.0001 between cell types; ns = not significant.

The rapid onset of selective cytotoxicity within 1 h suggests efficient cellular up-take
and immediate biological activity in cancer cells, likely mediated by enhanced membrane
permeability and compromised antioxidant systems characteristic of malignant phenotypes.
This temporal pattern, combined with the dose-dependent selectivity profile, positions ZnO
NPs as promising candidates for targeted glioblastoma therapy with minimal off-target
effects on healthy neural tissue [19,24,69].

3.11. Nuclear Morphology Analysis of NG-108 Cells

To investigate the mechanism of cell death induced by ZnO NPs, we performed
DAPI staining to assess nuclear morphology in NG-108 cells after 1 h of exposure
(Figure 11). Quantitative analysis revealed a dose-dependent increase in the percentage of
cells exhibiting nuclear fragmentation, a hallmark of apoptosis (Table 3, Figure 11).

Table 3. Percentage of NG-108 cells with normal nuclei after 1 h of exposure to ZnO NPs. Data are
presented as mean percentage ± SEM (n = 3 independent experiments).

Zinc Oxide Concentration Mean (%) SEM n

Control 100 0.441 3
10 μg/mL 74.6 1.076 3
50 μg/mL 63.6 1.417 3

100 μg/mL 54.54 0.782 3

The percentage of cells with normal nuclei decreased significantly with increas-
ing ZnO NPs concentration. At 10 μg/mL, approximately 25.40% of cells showed
nuclear fragmentation, increasing to 36.40% at 50 μg/mL and 45.46% at 100 μg/mL.
These results suggest that ZnO NPs induce apoptosis in NG-108 glioblastoma cells in a
dose-dependent manner.

The observed nuclear fragmentation correlates well with the decreased cell viability
measured by the MTT assay, supporting apoptosis as a primary mechanism of ZnO NPs
-induced cell death in glioblastoma cells. This finding is consistent with previous studies
suggesting that ZnO NPs can trigger apoptotic pathways through ROS generation and
DNA damage [67,75–77].
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Figure 11. Representative fluorescence microscopy images of DAPI-stained NG-108 cells after 1 h of
exposure to ZnO NPs. (a) Control, (b) 10 μg/mL, (c) 50 μg/mL, and (d) 100 μg/mL. White arrows
indicate fragmented nuclei (Scale bar, 20 μm).

3.12. Mechanistic Insights into Selective Cytotoxicity

The observed selectivity results from three convergent mechanisms operating un-
der dark laboratory conditions. First, defect-mediated ROS generation occurs through
oxygen vacancy defects (characteristic 550 nm photoluminescence emission) that gener-
ate reactive species via surface reactions: VO + H2O → V+

O + OH− + e− , followed by O2

reduction to superoxide and hydrogen peroxide, explaining cytotoxic activity without exter-
nal activation. Second, pH-responsive dissolution enabled by zeta potential characteristics
(pHPZC = 7.46) promotes preferential zinc ion release in acidic tumor microenvironments
(pH 5.5–6.5) versus physiological pH (7.4), while maintaining optimal dispersion stability
(±2.5 mV) for cellular uptake. Third, differential cellular vulnerability manifests as rapid
cytotoxicity in glioblastoma cells (1 h) versus delayed effects in retinal cells, reflecting
enhanced nanoparticle uptake in cancer cells and their compromised antioxidant capacity
compared to normal cells. This multi-factorial mechanism explains the 2.3-fold selectivity
index, demonstrating intrinsic anticancer activity without external activation.

4. Discussion

The present study investigated the cytotoxic effects of biogenically synthesized ZnO
NPs on primary retinal cells and NG-108 glioblastoma cells, aiming to evaluate their po-
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tential as a targeted therapy for glioblastoma. Our findings demonstrate a significant
difference in sensitivity between normal neural cells and glioblastoma cells, suggesting a
potential therapeutic window for ZnO NP-based treatments. The observed differential cyto-
toxicity is a key finding, with primary retinal cells showing resistance to ZnO NPs at lower
concentrations (10 and 50 μg/mL) during short-term exposure (1 h), while glioblastoma
cells exhibited significant cytotoxicity under the same conditions. This selective toxicity
aligns with previous studies on other cancer cell types [78,79] and could be attributed to
several factors, including differences in metabolic rates, cell membrane properties, and
antioxidant capacities between normal and cancer cells [80].

Importantly, our study demonstrates that biogenic ZnO NPs achieve selective anti-
cancer activity under standard dark laboratory conditions, eliminating the need for external
photoactivation. The mechanistic foundation was elucidated through photoluminescence
analysis revealing substantial oxygen vacancy defects (evidenced by intense 550 nm emis-
sion), which enable intrinsic ROS generation through defect-mediated surface reactions
with cellular environments. This dark cytotoxicity, combined with pH-responsive dis-
solution behavior (pHPZC = 7.46), provides practical advantages over photodynamic
approaches requiring controlled irradiation.

The time-dependent effects observed in primary retinal cells, where prolonged ex-
posure resulted in increased cytotoxicity, suggest a cumulative impact of ZnO NPs on
cellular function. This phenomenon could be explained by gradual nanoparticle uptake,
zinc ion release from dissolving NPs, or the accumulation of cellular damage over time [66].
These findings emphasize the importance of considering exposure time when developing
ZnO NP-based therapies and highlight the need for careful dosing strategies to minimize
damage to healthy tissue [71].

Our nuclear morphology analysis of NG-108 cells exposed to ZnO NPs revealed a dose-
dependent increase in nuclear fragmentation, a hallmark of apoptosis. This observation
is consistent with previous studies suggesting that ZnO NPs induce apoptosis in various
cancer cell types. The apoptotic mechanism involves defect-mediated ROS generation
operating continuously under dark conditions, leading to sustained oxidative stress, DNA
damage, and mitochondrial dysfunction. This intrinsic activity pattern differs from burst-
type ROS generation in photodynamic therapy, potentially offering advantages in terms of
sustained therapeutic pressure on cancer cells while allowing normal cells time for repair
mechanisms. The predominance of apoptosis as the cell death mechanism is favorable for
potential therapeutic applications, as it is less likely to induce inflammation compared to
necrotic cell death [71,81,82].

The selective cytotoxicity of ZnO NPs towards glioblastoma cells observed in this
study has significant implications for the development of novel glioblastoma therapies.
The differential sensitivity between normal and cancer cells suggests that ZnO NPs could
potentially target glioblastoma cells while sparing healthy neural tissue, addressing a
major challenge in current glioblastoma treatments [83–85]. Furthermore, the unique
mechanism of action of ZnO NPs, involving ROS generation and direct cellular damage,
may help overcome the resistance mechanisms that limit the efficacy of conventional
chemotherapies [71,86]. The nanoscale size of ZnO particles may also facilitate their
passage through the blood–brain barrier, a significant obstacle in glioblastoma treatment.
The dark cytotoxicity eliminates complications associated with light penetration in brain
tissue, a significant advantage for glioblastoma treatment where deep tissue access is
challenging.

Additionally, the apoptosis-inducing properties of ZnO NPs could potentially syner-
gize with existing treatments, such as temozolomide or radiation therapy [87].
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While our results are promising, several limitations should be addressed in future
studies. The use of cell cultures, while informative, does not fully recapitulate the com-
plexities of the tumor microenvironment or the blood–brain barrier. In vivo studies using
appropriate animal models are necessary to validate these findings. Further investigation
into the long-term effects of ZnO NPs on both normal and cancer cells is needed to assess
their safety profile for potential clinical applications. More detailed mechanistic studies are
required to fully understand the basis for the differential sensitivity between normal and
cancer cells. The influence of nanoparticle size, shape, and surface modifications on their
biological effects should be explored to optimize their therapeutic potential. Studies on the
in vivo distribution, accumulation, and clearance of ZnO NPs are crucial for assessing their
potential for clinical translation.

5. Conclusions

This study demonstrates the successful biogenic synthesis of ZnO NPs using Bacillus
licheniformis strain TT14s, producing crystalline nanoparticles with a mean diameter of
19.37 ± 5.28 nm and a hexagonal wurtzite structure confirmed by XRD analysis. The
synthesis protocol yielded high-purity ZnO with minimal organic residue after 350 ◦C
calcination, as evidenced by the characteristic Zn-O stretching vibration at 381 cm−1

in FTIR analysis and lattice spacing of 0.244 nm corresponding to the (101) plane in
HRTEM imaging.

The primary finding is the intrinsic selective cytotoxicity of ZnO NPs against NG-108
glioblastoma cells versus primary retinal cells under dark laboratory conditions. This
selectivity is mechanistically attributed to: (1) defect-mediated ROS generation con-
firmed by characteristic 550 nm photoluminescence emission from oxygen vacancy defects,
(2) pH-responsive dissolution behavior (pHPZC = 7.46) favoring zinc ion release in acidic
tumor microenvironments, and (3) differential cellular uptake in rapidly proliferating can-
cer cells with compromised antioxidant systems. At 100 μg/mL, glioblastoma cell viability
dropped to 36.07% within 1 h, while retinal cells maintained 78.9% viability under identical
conditions, representing a practical 2.3-fold higher selectivity index.

DAPI nuclear staining quantitatively confirmed apoptotic cell death, with nuclear
fragmentation increasing from 25.4% at 10 μg/mL to 45.46% at 100 μg/mL in glioblastoma
cells. This dose-dependent response validates apoptosis as the primary death mechanism
rather than necrosis. The 1 h exposure time required for significant cytotoxicity suggests
rapid cellular uptake and immediate biological activity. The intrinsic cytotoxic activity
under dark laboratory conditions eliminates the need for external activation, providing
practical advantages for therapeutic applications.

ZnO NPs demonstrate promise as selective anti-glioma agents with intrinsic dark cy-
totoxicity through validated mechanisms: defect-mediated ROS generation, pH-responsive
dissolution, and enhanced cancer cell uptake. The elimination of external activation re-
quirements provides significant practical advantages for therapeutic development. The
green synthesis approach using B. licheniformis offers a scalable, environmentally sustain-
able platform with superior biocompatibility compared to chemical methods, suitable for
clinical translation as a dark-active therapeutic agent for glioblastoma treatment.
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Abstract

Ultrahigh dose rate (UHDR) radiotherapy, also known as FLASH radiotherapy (FLASH-
RT), has shown potential for increasing tumor control while sparing normal tissue. In
parallel, gold nanoparticles (GNPs) have been extensively explored as radiosensitizers
due to their high atomic number and ability to enhance the generation of reactive oxygen
species (ROS) through water radiolysis. In this study, we investigate the synergistic effects
of UHDR electron beams and GNP-mediated radiosensitization using Monte Carlo (MC)
simulations based on the Geant4-DNA code. A spherical water phantom with embedded
GNPs of varying sizes (5–100 nm) was irradiated using pulsed electron beams (100 keV and
1 MeV) at dose rates of 60, 100, and 150 Gy/s. The chemical yield of ROS near the GNPs
was quantified and compared to an equivalent water nanoparticle model, and the yield
enhancement factor (YEF) was used to evaluate radiosensitization. Results demonstrated
that YEF increased with smaller GNP sizes and at lower UHDR, particularly for 1 MeV
electrons. A maximum YEF of 1.25 was observed at 30 nm from the GNP surface for 5 nm
particles at 60 Gy/s. The elevated ROS concentration near GNPs under FLASH conditions
is expected to intensify DNA damage, especially double-strand breaks, due to increased
hydroxyl radical interactions within nanometric distances of critical biomolecular targets.
These findings highlight the significance of nanoparticle size and beam parameters in
optimizing ROS production for FLASH-RT. The results provide a computational basis for
future experimental investigations into the combined use of GNPs and UHDR beams in
nanoparticle-enhanced radiotherapy.

Keywords: gold nanoparticles; FLASH radiotherapy; reactive oxygen species; Monte Carlo
simulation; ultrahigh dose rate; electron beam; nanoparticle-enhanced radiotherapy; dose
enhancement; yield enhancement factor; DNA damage; DNA dosimetry; nanodosimetry

1. Introduction

Radiotherapy remains a cornerstone in the treatment of various malignancies, and recent
advances have aimed to enhance its efficacy while minimizing damage to healthy tissues.
One such advancement is FLASH radiotherapy (FLASH-RT), which involves the delivery of
radiation at ultrahigh dose rates (UHDRs), commonly defined as dose rates exceeding 40 Gy/s.
This emerging modality has demonstrated the potential to achieve comparable or superior
tumor control compared to conventional dose rates while significantly reducing normal tissue
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toxicity [1–3]. The so-called FLASH effect, a phenomenon wherein normal tissues experience
enhanced sparing without compromising tumor control, has been supported by multiple
preclinical studies and is currently under active investigation for clinical translation [4].

Several hypotheses have been proposed to explain the mechanisms underlying the
FLASH effect. One prevailing theory involves transient oxygen depletion in normal tissues
during UHDR exposure, which induces a temporary hypoxic state that renders the tissues
more resistant to radiation damage [4–6]. Early studies on bacteria [7] and mammalian
cells [8] have laid the foundation for the oxygen depletion hypothesis [9]. Another theory
posits a differential biochemical response between normal and cancerous tissues. In this
framework, cancer cells, which often have impaired antioxidant defenses, are more vul-
nerable to oxidative damage induced by ionizing radiation. Conversely, normal cells may
exhibit higher resistance to reactive oxygen species (ROS) due to more robust antioxidant
systems. Moreover, the limited diffusion of ROS produced during water radiolysis at
UHDR may further contribute to the selective targeting of cancerous tissues [5,10]. It is
also noted that FLASH-RT can reduce inflammation in normal tissues while enhancing
anti-tumor immunity, preserving a greater number of circulating immune cells to survive
compared to conventional radiotherapy [4,9].

Preclinical studies using various radiation modalities and delivery techniques have
demonstrated that FLASH-RT can significantly spare normal tissues while maintaining
therapeutic efficacy against tumors [11–14]. These findings underscore the promise of
FLASH-RT as a paradigm-shifting approach in cancer therapy and have catalyzed interest
in complementary strategies that further enhance its selectivity and potency [15].

In parallel, the application of engineered nanomaterials (ENMs), notably gold nanopar-
ticles (GNPs), has gained substantial attention in the field of radiation oncology. According
to the International Organization for Standardization (ISO), ENMs are materials with at
least one dimension in the range of 1 to 100 nm [16,17]. Among them, GNPs have emerged
as a particularly attractive class of radiosensitizers due to their biocompatibility, ease of sur-
face modification, and high atomic number (Z = 79), which enhances their ability to absorb
radiation [18,19]. Importantly, GNPs are generally considered safer for in vivo applications
compared to other high-Z materials, making them suitable for clinical development [18].

Mechanistically, GNPs enhance the biological effect of radiation through both physical
and chemical pathways. Physically, they increase local dose deposition via secondary
electron emission. Chemically, the interaction of radiation with GNPs in an aqueous
environment leads to enhanced ROS production, which amplifies oxidative stress and
contributes to DNA damage in cancer cells [19–24]. Specifically, the photoelectric effect
plays a dominant role in energy deposition when high-Z materials like gold interact with
low-energy photons or electrons. In this process, incident radiation transfers energy to
inner-shell electrons of gold atoms, ejecting photoelectrons and initiating a cascade of Auger
electrons. These low-energy electrons travel short distances in water, leading to dense ion-
ization tracks that cause water radiolysis and the subsequent formation of ROS (e.g., OH•,
H2O2, H•). The localized production of these species near DNA significantly enhances the
probability of inducing double-strand breaks (DSBs) and other lethal lesions [25]. Among
the various forms of radiation-induced DNA lesions, DSBs are considered the most lethal
and are a critical determinant of radiotherapeutic efficacy [20]. The potential benefit of
GNP through enhanced ROS-induced DNA damage brings new prospects for personalized
and targeted cancer treatments as nanotechnology in medicine progresses [26].

Despite significant research into the individual effects of UHDR radiation and GNP-
mediated radiosensitization, there are limited studies that explore their combined interac-
tion. This gap highlights the need for a deeper understanding of how GNPs influence ROS
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dynamics and DNA damage under FLASH-RT conditions. Monte Carlo (MC) simulation
techniques offer a powerful tool for investigating these interactions at the nanoscale. In
particular, Geant4-DNA, an extension of the Geant4 toolkit developed at the European
Organization for Nuclear Research (CERN), provides a versatile platform for simulating
radiation interactions with matter at both the physical and chemical stages, including the
generation and diffusion of ROS in water [27,28].

Previous MC studies have examined dose enhancement ratios and energy deposition
around GNPs using various radiation types, including photons [29–32], electrons [33], and
protons [34,35]. In addition, the dependence of ROS enhancement on GNP size has been
analyzed with different radiation modalities [35,36]. However, these studies primarily
focus on conventional dose rates and do not account for the unique characteristics of UHDR
delivery. To the best of our knowledge, few simulation studies have addressed the interplay
between GNPs and FLASH-RT, particularly with respect to ROS production during water
radiolysis at UHDR.

To address this gap, the present study employs Geant4-DNA-based MC simulations
to investigate the influence of GNPs on ROS yield under electron-beam irradiation at
UHDR. By modeling the spatial distribution of ROS and comparing it to an equivalent
water nanoparticle (WNP) control, we aim to quantify the yield enhancement factor (YEF)
as a function of GNP size, dose rate, and distance from the nanoparticle. These insights are
expected to provide computational support for experimental studies and help optimize
nanoparticle-enhanced FLASH-RT strategies. Previous experimental studies have validated
the enhanced production of ROS and increased DNA damage in the presence of GNPs
under irradiation, supporting the predictions made by MC-based models. For example, Mi-
sawa and Takahashi [21] demonstrated increased ROS generation with GNPs under X-ray
and UV exposure, while Butterworth et al. [22] and Hainfeld et al. [23] reported enhanced
cytotoxicity and tumor control due to nanoparticle radiosensitization. These findings align
with simulation outcomes and underscore the relevance of using MC tools like Geant4-DNA
to model nanoscale radiation interactions and optimize radiotherapeutic conditions.

2. Materials and Methods

2.1. MC Simulation Using Geant4-DNA

MC simulations were employed in this study to model the interactions between inci-
dent electrons and biological media, including the presence of GNPs. The simulations were
conducted using Geant4-DNA, an extension of the general-purpose Geant4 toolkit devel-
oped by CERN. Geant4-DNA is specifically designed to simulate the physical, physicochem-
ical, and chemical interactions of ionizing radiation with liquid water at nanometric spatial
resolutions, making it particularly well-suited for nanoscale radiobiology studies [37,38].

The simulations were performed using Geant4 version 11.2, which includes an up-
dated chemistry module capable of modeling time-resolved radiolysis processes [35]. The
Livermore physics model was adopted to describe particle interactions within the GNP
due to its accuracy in representing electromagnetic interactions for high-Z materials at
low energies. For the surrounding water medium, the Geant4-DNA physics models were
applied to simulate the full cascade of interactions, including energy deposition, track
structure, and chemical stage evolution of reactive species.

The simulations aimed to model a GNP embedded within a water environment
under UHDR electron-beam irradiation. The system was carefully configured to enable
the analysis of both physical dose deposition and chemical yield of ROS around the
nanoparticle, providing a multiscale understanding of radiation-induced effects. The
chemical stage of the simulation, including ROS formation, was implemented using the
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Geant4-DNA chemistry module, which models the time evolution of reactive species
following water radiolysis. After energy deposition by primary and secondary electrons,
the simulation proceeds through physicochemical processes, such as ionization, excitation,
and dissociation, leading to the formation of early species (e.g., H3O+, e−aq, OH•, H•, and
H2O2). These species are then tracked for up to 10 nanoseconds to account for diffusion
and chemical reactions in the aqueous medium. ROS yield was quantified at this time
point, consistent with literature indicating peak biological relevance of radical interactions
within this timescale [3,39].

2.2. Simulation Geometry and Configuration

To approximate a simplified biological environment, the simulation geometry was
designed as a spherical water phantom with a radius of 5 μm, large enough to ensure that
secondary electrons and ROS products did not escape the simulation volume yet small
enough to maintain computational efficiency [3]. At the center of the sphere, a spherical
GNP was embedded, with diameters varied among 5, 10, 50, and 100 nm to study the
size-dependent effects.

Incident electron beams were simulated to irradiate the GNP at two different initial
energies: 100 keV and 1 MeV. These energy values were selected to approximate the local
energy of electrons reaching tumor cells, after accounting for the attenuation and energy
loss of clinical electron beams (typically 6–20 MeV) as they traverse tissue. At the cellular or
subcellular level, particularly in the presence of GNPs, electrons in the range of 100 keV to
1 MeV are representative of the actual energy spectrum responsible for ionization and ROS
production. Therefore, using these energies enables simulation of clinically relevant FLASH
RT effects at the nanoscale. Each electron was emitted from the inner surface of the water
sphere, directed toward the GNP center. The initial source position for each electron was
randomly sampled from the water sphere’s surface, mimicking an isotropic irradiation field.

The simulation geometry is illustrated in Figure 1, where electrons (solid red lines)
with initial energies of 100 keV or 1 MeV are irradiated toward the center of the water
sphere from the surface of the GNP, as shown in Figure 1a. The experimental setup for the
MC simulation is shown in Figure 1b, with the spherical water phantom (diameter of 10
μm) embedded with the GNP in varying size (a diameter of 5, 10, 50, and 100 nm). Sec-
ondary electrons (red dashed lines) generated from interactions within the GNP, along with
ROS represented by multicolored dots, are also visualized. As these secondary electrons
propagate along their tracks (solid red lines), they deposit energy into the surrounding
water medium, initiating radiolysis, as depicted in Figure 1c.

2.3. Simulation of UHDR Electron-Beam Irradiation

The simulation of UHDR conditions was based on the characteristics of the Oriadtron
eRT6 linear accelerator (PMB, Rousset, France), which delivers pulsed electron beams at
clinically relevant UHDR parameters [40,41]. Each radiation pulse has a duration of 2 μs
with a repetition rate of 100 Hz and a maximum dose delivery of up to 10 Gy per pulse.

The MC simulation used a single pulse out of 100 pulses in a second (100 Hz repetition
rate). To realistically model these UHDR conditions in the MC framework, a methodology
adapted from Chappuis et al. [3] was employed. During the simulation, electrons were
propagated through the water sphere, and the total number of incident electrons was
dynamically adjusted such that the deposited dose matched one of three target thresholds:
0.6, 1.0, and 1.5 Gy per pulse. These correspond to dose rates of 60, 100, and 150 Gy/s,
respectively, which fall within the FLASH regime. The beam parameters used are summa-
rized in Table 1.
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(a) (b)

(c)

GNP

Water
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Electron

Secondary
Electron

10 μm

Figure 1. MC geometry modeled in Geant4-DNA. (a) A GNP (orange), with diameters of
5, 10, 50, or 100 nm, is positioned at the center of a water sphere (light blue) with a radius of 5 μm.
ROS, incident electrons, and secondary electrons are denoted by multicolored dots, solid red lines,
and dashed red lines, respectively. (b) The experimental setup for the MC simulation consists of the
spherical water phantom (diameter of 10 μm) embedded with the GNP in varying size. (c) Electrons
with an energy of 1 MeV are directed toward the center of the sphere from the surface of the GNP.
Secondary electrons (yellow dots), generated along the electron tracks (solid red lines), deposit energy
within the water sphere. The primary electron beams used in this simulation model the clinical
delivery of electron-beam therapy under UHDR conditions. When these incident electrons interact
with the GNPs and surrounding water medium, they undergo inelastic scattering, leading to the
emission of low-energy secondary electrons. These secondary electrons are primarily responsible
for inducing localized ionization and excitation in water molecules, resulting in the production of
ROS through radiolysis. This cascade of electron-induced processes forms the mechanistic basis for
radiosensitization in the presence of GNPs.
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Table 1. UHDR electron-beam parameters for Geant4-DNA Monte Carlo simulation.

Mode Dose Per Pulse (Gy) Dose Rate (Gy/s)

UHDR 0.6 60
UHDR 1 100
UHDR 1.5 150

This configuration allowed the investigation of dose rate-dependent effects on energy
deposition and ROS production around the GNP under conditions that replicate preclinical
FLASH-RT delivery.

2.4. ROS Quantification and YEF

To quantify the radiosensitizing impact of GNPs under UHDR irradiation, the for-
mation of ROS was analyzed during the chemical stage of water radiolysis. In this phase,
short-lived radicals, such as hydroxyl radicals (OH•), play a critical role in biological
damage mechanisms, particularly in the formation of DNA DSBs [42].

According to prior studies, the diffusion and interaction of OH• radicals with
biomolecules occur predominantly within the first 10 nanoseconds following radiation
exposure. Beyond this window, ROS concentrations tend to saturate, and further reactions
become secondary. Therefore, ROS concentrations were evaluated at 10 ns to capture the
peak biological relevance of ROS-induced damage.

To isolate the effects attributable to GNP radiosensitization, a control simulation was
also conducted using a WNP of identical size and position, replacing the GNP within the
same simulation geometry. The YEF was then calculated as the ratio of total ROS yield,
comprising H3O+, OH•, H2O2, OH−, and H• radicals, produced with GNPs to that with
WNPs under identical conditions as shown in Equation (1).

YEF =
ROSGNP

ROSWNP
(1)

This metric provides a direct measure of the chemical amplification attributable to
GNP radiosensitization under FLASH conditions and enables comparative analysis across
different nanoparticle sizes, electron energies, and dose rates.

3. Results

3.1. Influence of UHDR on YEF

The effects of different UHDR, namely, 60, 100, and 150 Gy/s, on the YEF were evaluated
at varying distances (10–30 nm) from the surface of GNPs of different diameters (5, 10, 50, and
100 nm). Simulations were conducted using two electron energies of 1 MeV and 100 keV. For 1
MeV electrons, the YEF was observed to be highest for small GNP sizes (5 nm and 10 nm) and
low UHDR conditions (60 Gy/s). As shown in Figure 2, the YEF increased with increasing
distance from the nanoparticle surface, reaching a maximum value of 1.25 at 30 nm from a 5
nm GNP at 60 Gy/s. While there was no change in YEF with an increase in UHDR from 100
Gy/s to 150 Gy/s in a 5 nm GNP, a decrease in YEF was found for the same UHDR change in
a 10 nm GNP. This suggests enhanced ROS production farther from the GNP under specific
conditions of lower dose rates and smaller particle sizes.

In contrast, for larger GNPs (50 nm and 100 nm), the YEF remained relatively constant
across all dose rates, indicating a reduced sensitivity to UHDR in terms of ROS amplification.
When examining the results for 100 keV electrons (Figure 3), the dose rate had minimal
influence on YEF across most GNP sizes. A slight increase in YEF was noted only in
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the 10 nm GNP case, where the highest YEF was recorded at 150 Gy/s. However, the
overall enhancement was less pronounced compared to the 1 MeV case, and maximum
YEF values remained below those obtained with high-energy electrons. Nevertheless, there
was also a trend similar to 1 MeV where the YEF increased with increasing distance from
the nanoparticle surface.

Figure 2. YEF vs. UHDR (60, 100, and 150 Gy/s) at distances of (a) 10 nm, (b) 15 nm, (c) 20 nm,
(d) 25 nm, and (e) 30 nm from the surface of GNPs of different diameters (5, 10, 50, and 100 nm) for
the electron energy of 1 MeV.

Figure 3. YEF vs. UHDR (60, 100, and 150 Gy/s) at distances of (a) 10 nm, (b) 15 nm, (c) 20 nm,
(d) 25 nm, and (e) 30 nm from the surface of GNPs of different diameters (5, 10, 50, and 100 nm) for
the electron energy of 100 keV.
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3.2. Effect of GNP Size on YEF

The impact of GNP size on ROS generation was further analyzed across the
four selected diameters (5, 10, 50, and 100 nm) at different radial distances (10–30 nm)
from the nanoparticle surface. The YEF values for both 1 MeV and 100 keV electrons were
plotted in Figures 4 and 5, respectively.

Figure 4. YEF vs. GNP size (5, 10, 50, and 100 nm) at distances of (a) 10 nm, (b) 15 nm, (c) 20 nm,
(d) 25 nm, and (e) 30 nm from the surface of GNP at different UHDR (60, 100, and 150 Gy/s) for the
electron energy of 1 MeV.

Figure 5. YEF vs. GNP size (5, 10, 50, and 100 nm) at distances of (a) 10 nm, (b) 15 nm, (c) 20 nm,
(d) 25 nm, and (e) 30 nm from the surface of GNP at different UHDR (60, 100, and 150 Gy/s) for the
electron energy of 100 keV.
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For both electron energies, a clear inverse relationship was observed between GNP size
and YEF. Smaller nanoparticles consistently yielded higher ROS enhancement, particularly
for 5 nm GNPs, which exhibited peak YEF values under the 1 MeV, 60 Gy/s condition.
At all distances, the YEF declined significantly with increasing GNP diameter, especially
between 10 nm and 50 nm. For example, at 30 nm from the GNP surface under 1 MeV
irradiation with a dose rate equal to 60 Gy/s (Figure 4e), YEF dropped from approximately
1.25 for 5 nm GNPs to less than 0.4 for 100 nm GNPs.

This trend was also present in the 100 keV electron case (Figure 5), although YEF
values were generally lower compared to the high-energy scenario. Nevertheless, the
results confirm that GNP size is a critical determinant of ROS amplification during FLASH
irradiation.

4. Discussion

4.1. Dose Rate Effects on ROS Amplification

The results reveal that the FLASH dose rate affects ROS generation, but only un-
der specific conditions. For 1 MeV electrons, lower dose rates (60 Gy/s) appeared
to promote greater ROS yields in proximity to small GNPs, aligning with previous
experimental findings that suggest FLASH irradiation can modulate radiolytic chem-
istry [43]. It was previously reported that as the mean dose rate of UHDR increased, ROS
(H2O2) production decreased, warranting further optimization of dose rate parameters for
UHDR radiotherapy [44].

These observations are also consistent with Chappuis et al. [3], who described dose
rate–dependent differences in water radiolysis using Geant4-DNA. The reduced ROS
yield at higher dose rates may be attributed to the saturation of radiolytic pathways or
suppression of radical diffusion under rapid energy deposition conditions.

In contrast, low-energy electrons (100 keV) exhibited minimal sensitivity to UHDR
conditions. In consideration of the fact that ROS can be induced through secondary electron
interactions, this could be due to the shorter track lengths and reduced penetration depth of
low-energy electrons, which limit their capacity to generate sufficient secondary electrons
or promote extended ROS diffusion.

4.2. Role of GNP Size and Self-Absorption

The observed inverse relationship between GNP size and YEF can be attributed to
several physical and chemical mechanisms. First, smaller GNPs allow a greater fraction of
secondary electrons to escape their surfaces and interact with the surrounding medium.
Conversely, larger GNPs exhibit self-absorption, whereby low-energy secondary electrons
are reabsorbed or scattered internally, reducing the effective dose enhancement near the
GNP surface [45–48].

Moreover, electron shadowing effects in larger GNPs have been reported to contribute
to reduced radiolytic yields [49]. While the publications above recorded a reduction in
ROS with increasing GNP size, another study found that ROS production increased with
GNP size [50]. This discrepancy and the findings in our study highlight the importance
of nanoparticle size in optimizing radiosensitization, especially under UHDR delivery, by
balancing dose enhancement with energy escape efficiency.

In addition to size-dependent effects, it is important to note that aggregation of
GNPs is frequently observed in biological environments due to factors such as protein
corona formation, ionic interactions, or endocytosis. Aggregation can significantly alter
the effective surface area exposed to radiation and modify the local electron transport
conditions. Previous studies have shown that aggregated or clustered nanoparticles may
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reduce ROS yield compared to isolated particles, as closely packed GNPs can enhance
self-absorption of low-energy electrons and limit the escape of secondary electrons into the
surrounding medium [45–48]. Although our current simulation models a single, isolated
GNP to provide a clean and quantifiable baseline for radiosensitization, future studies could
incorporate multi-particle or clustered configurations [46] to better mimic physiological
conditions and assess their impact on FLASH-RT outcomes.

4.3. Implications for FLASH Nanoparticle-Enhanced Radiotherapy

This study offers valuable computational insights into the combination of GNP-
enhanced radiosensitization with UHDR electron therapy, a relatively unexplored domain
in radiation oncology. The enhanced ROS generation observed under low UHDR and small
GNP sizes suggests that careful selection of nanoparticle parameters and beam settings
may maximize therapeutic benefits while maintaining the normal tissue-sparing effects
of FLASH-RT.

However, it is important to note that this work focuses on single-pulse simulations
and evaluates ROS yields near GNP (10–30 nm distance from the surface of GNP) at a fixed
chemical time point (10 ns). Future studies should consider multiple pulse effects, pulse
duration, biological endpoints (e.g., DNA damage), and experimental validation to build a
more comprehensive model for clinical translation.

5. Conclusions

This study employed Geant4-DNA MC simulations to evaluate the impact of GNPs on
ROS generation under UHDR electron-beam irradiation, mimicking FLASH-RT conditions.
By comparing GNPs of various sizes (5–100 nm) with equivalent WNPs, the YEF was
quantified as a measure of radiosensitization.

Results showed that small GNPs (5–10 nm) significantly enhanced ROS production
under 1 MeV irradiation, particularly at lower dose rates (60 Gy/s), with YEF values
reaching up to 1.25. In contrast, larger GNPs demonstrated limited enhancement regardless
of dose rates, likely due to self-absorption effects. For 100 keV electrons, the dose rate had
minimal influence on YEF.

These findings suggest that GNP size and beam energy play crucial roles in optimizing
chemical enhancement during FLASH-RT. Although the MC simulation approximates com-
plicated biological systems, limited to single-pulse irradiation and idealized conditions, this
study offers computational insight into nanoparticle-mediated radiosensitization at UHDR.

This study has some limitations. The simulations assumed isolated GNPs, while
aggregation is common in biological environments and may affect ROS yield. Only single-
pulse irradiation was modeled, and biological endpoints such as DNA damage were not
directly evaluated. These aspects will be addressed in future studies to enhance clinical
relevance and experimental validation.
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MC Monte Carlo
Geant4-DNA GEometry ANd Tracking version 4—DNA extension
UHDR Ultrahigh Dose Rate
FLASH-RT FLASH Radiotherapy
GNP Gold Nanoparticle
WNP Water Nanoparticle
ROS Reactive Oxygen Species
YEF Yield Enhancement Factor
DNA Deoxyribonucleic Acid
DSB Double-Strand Break
ISO International Organization for Standardization
OH• Hydroxyl Radical
H2O2 Hydrogen Peroxide
H• Hydrogen Radical
H3O+ Hydronium Ion
OH− Hydroxide Ion
MeV Mega Electron Volt
keV Kilo Electron Volt
CERN European Organization for Nuclear Research

References

1. Vozenin, M.C.; Bourhis, J.; Durante, M. Towards clinical translation of FLASH radiotherapy. Nat. Rev. Clin. Oncol. 2022, 19,
791–803. [CrossRef]

2. Favaudon, V.; Labarbe, R.; Limoli, C.L. Model studies of the role of oxygen in the FLASH effect. Med. Phys. 2022, 49, 2068–2081.
[CrossRef]

3. Chappuis, F.; Tran, H.N.; Jorge, P.G.; Zein, S.A.; Kyriakou, I.; Emfietzoglou, D.; Bailat, C.; Bochud, F.; Incerti, S.; Desorgher, L.
Investigating ultra-high dose rate water radiolysis using the Geant4-DNA toolkit and a Geant4 model of the Oriatron eRT6
electron linac. Sci. Rep. 2024, 14, 26707. [CrossRef]

4. Chow, C.L.; Ruda, H.E. Flash Radiotherapy: Innovative Cancer Treatment. Encyclopedia 2023, 3, 808–823. [CrossRef]
5. Abolfath, R.; Grosshans, D.; Mohan, R. Oxygen depletion in FLASH ultra-high-dose-rate radiotherapy: A molecular dynamics

simulation. Med. Phys. 2020, 47, 6551–6561. [CrossRef]
6. Cao, X.; Zhang, R.; Esipova, T.V.; Allu, S.R.; Ashraf, R.; Rahman, M.; Gunn, J.R.; Bruza, P.; Gladstone, D.J.; Williams, B.B.; et al.

Quantification of oxygen depletion during FLASH irradiation in vitro and in vivo. Int. J. Radiat. Oncol. Biol. Phys. 2021, 111,
240–248. [CrossRef]

7. Dewey, D.L.; Boag, J.W. Modification of the oxygen Effect When bacteria are Given Large pulses of radiation. Nature 1959,
183, 1450. [CrossRef]

8. Epp, E.R.; Weiss, H.; Djordjevic, B.; Santomasso, A. The radiosensitivity of cultured mammalian cells exposed to single high
intensity pulses of electrons in various concentrations of oxygen. Radiat. Res. 1972, 52, 324–332. [CrossRef]

9. Rosini, G.; Ciarrocchi, E.; D’Orsi, B. Mechanisms of the FLASH effect: Current insights and advances. Front. Cell Dev. Biol. 2025,
13, 1575678. [CrossRef]

10. Zhou, G. Mechanisms underlying FLASH radiotherapy, a novel way to enlarge the differential responses to ionizing radiation
between normal and tumour tissues. Radiat. Med. Prot. 2020, 1, 35–40. [CrossRef]

78



Nanomaterials 2025, 15, 1303

11. Favaudon, V.; Caplier, L.; Monceau, V.; Pouzoulet, F.; Sayarath, M.; Fouillade, C.; Poupon, M.-F.; Brito, I.; Hupé, P.; Bourhis, J.; et al.
Ultrahigh dose-rate FLASH irradiation increases the differential response between normal and tumor tissue in mice. Sci. Transl.
Med. 2014, 6, 245ra93. [CrossRef]

12. Harrington, K.J. Ultrahigh dose-rate RT: Next steps for FLASH-RT. Clin. Cancer Res. 2019, 25, 3–5. [CrossRef]
13. Loo, B.W.; Schuler, E.; Lartey, F.M.; Rafat, M.; King, G.J.; Trovati, S.; Koong, A.C.; Maxim, P.G. (P003) Delivery of ultra-rapid flash

radiation therapy and demonstration of normal tissue sparing after abdominal irradiation of mice. Int. J. Radiat. Oncol. 2017,
98, E16. [CrossRef]

14. Vozenin, M.-C.; De Fornel, P.; Petersson, K.; Favaudon, V.; Jaccard, M.; Germond, J.-F.; Petit, B.; Burki, M.; Ferrand, G.;
Patin, D.; et al. The advantage of Flash RT confirmed in mini-pig and cat-cancer patients. Clin. Cancer Res. 2019, 25, 35–42.
[CrossRef]

15. Mascia, A.E.; Daugherty, E.C.; Zhang, Y.; Lee, E.; Xiao, Z.; Sertorio, M.; Woo, J.; Backus, L.R.; McDonald, J.M.; McCann, C.; et al.
Proton FLASH Radiotherapy for the Treatment of Symptomatic Bone Metastases The FAST-01 Nonrandomized Trial. JAMA
Oncol. 2023, 9, 62–69. [CrossRef]

16. ISO/TS 80004-1; Nanotechnologies—Vocabulary—Part 1: Core Terms. International Organization for Standardization: Geneva,
Switzerland, 2015; pp. 1–4.

17. Nguyen, N.H.A.; Falagan-Lotsch, P. Mechanistic Insights into the Biological Effects of Engineered Nanomaterials: A Focus on
Gold Nanoparticles. Int. J. Mol. Sci. 2023, 24, 4109. [CrossRef]

18. Chen, Y.; Yang, J.; Fu, S.; Wu, J. Gold nanoparticles as radiosensitizers in cancer radiotherapy. Int. J. Nanomed. 2020, 15, 9407–9430.
[CrossRef]

19. Bardane, A.; Maalej, N.; Chakir, E.M.; Ibrahmi, E.M.A. Gold nanoparticle effect on dose and DNA damage enhancement in the
vicinity of gold nanoparticles. Nucl. Anal. 2024, 3, 100126. [CrossRef]

20. Leenhouts, H.P.; Chadwick, K.H. The crucial role of DNA double-strand breaks in cellular radiobiological effects. In Advances in
Radiation Biology; Elsevier: Amsterdam, The Netherlands, 1978; Volume 7, pp. 55–101.

21. Misawa, M.; Takahashi, J. Generation of reactive oxygen species induced by gold nanoparticles under X-ray and UV irradiations.
Nanomedicine 2011, 7, 604–614. [CrossRef]

22. Butterworth, K.T.; Coulter, J.A.; Jain, S.; McMahon, S.J.; Schettino, G.; Prise, K.M.; Currell, F.J.; Hirst, D.G. Evaluation of
cytotoxicity and radiation enhancement using 1.9 nm gold particles: Potential application for cancer therapy. Nanotechnology
2010, 21, 295101. [CrossRef]

23. Hainfeld, J.F.; Smilowitz, H.M.; O’Connor, M.J.; Dilmanian, F.A.; Slatkin, D.N. Gold nanoparticle imaging and radiotherapy of
brain tumors in mice. Nanomedicine 2013, 8, 1601–1609. [CrossRef]

24. Hullo, M.; Grall, R.; Perrot, Y.; Mathé, C.; Ménard, V.; Yang, X.; Lacombe, S.; Porcel, E.; Villagrasa, C.; Chevillard, S.; et al.
Radiation enhancer effect of platinum nanoparticles in breast cancer cell lines: In vitro and in silico analyses. Int. J. Mol. Sci. 2021,
22, 4436. [CrossRef]

25. Chow, J.C. Biophysical insights into nanomaterial-induced DNA damage: Mechanisms, challenges, and future directions. AIMS
Biophysics. 2024, 11, 340–369. [CrossRef]

26. Lo, C.-Y.; Tsai, S.-W.; Niu, H.; Chen, F.-H.; Hwang, H.-C.; Chao, T.-C.; Hsiao, I.-T.; Liaw, J.-W. Gold-Nanoparticles-Enhanced
Production of Reactive Oxygen Species in Cells at Spread-Out Bragg Peak under Proton Beam Radiation. ACS Omega 2023, 8,
17922–17931. [CrossRef]

27. Chappuis, F.; Tran, H.N.; Zein, S.A.; Bailat, C.; Incerti, S.; Bochud, F.; Desorgher, L. The general-purpose Geant4 Monte Carlo
toolkit and its Geant4-DNA extension to investigate mechanisms underlying the FLASH effect in radiotherapy: Current status
and challenges. Phys. Med. 2023, 110, 102601. [CrossRef]

28. Sakata, D.; Kyriakou, I.; Okada, S.; Tran, H.N.; Lampe, N.; Guatelli, S.; Bordage, M.-C.; Ivanchenko, V.; Murakami, K.;
Sasaki, T.; et al. Geant4-DNA track-structure simulations for gold nanoparticles: The importance of electron discrete models in
nanometer volumes. Med. Phys. 2018, 45, 2230–2242. [CrossRef]

29. Engels, E.; Bakr, S.; Bolst, D.; Sakata, D.; Li, N.; Lazarakis, P.; McMahon, S.J.; Ivanchenko, V.; Rosenfeld, A.B.; Incerti, S.; et al.
Advances in modelling gold nanoparticle radiosensitization using new Geant4-DNA physics models. Phys. Med. Biol. 2020,
65, 225017. [CrossRef]

30. Lechtman, E.; Mashouf, S.; Chattopadhyay, N.; Keller, B.M.; Lai, P.; Cai, Z.; Reilly, R.M.; Pignol, J.-P. A Monte Carlo-based model
of gold nanoparticle radiosensitization accounting for increased radiobiological effectiveness. Phys. Med. Biol. 2013, 58, 3075–3087.
[CrossRef]

31. Lechtman, E.; Chattopadhyay, N.; Cai, Z.; Mashouf, S.; Reilly, R.; Pignol, J.P. Implications on clinical scenario of gold nanoparticle
radiosensitization in regards to photon energy, nanoparticle size, concentration and location. Phys. Med. Biol. 2011, 56, 4631–4647.
[CrossRef]

79



Nanomaterials 2025, 15, 1303

32. Tsai, M.-Y.; Tian, Z.; Qin, N.; Yan, C.; Lai, Y.; Hung, S.-H.; Chi, Y.; Jia, X. A new open-source GPU-based microscopic Monte Carlo
simulation tool for the calculations of DNA damages caused by ionizing radiation-Part I: Core algorithm and validation. Med.
Phys. 2020, 47, 1958–1970. [CrossRef]

33. Chow, J.C.L.; Leung, M.K.K.; Fahey, S.; Chithrani, D.B.; Jaffray, D.A. Monte Carlo simulation on low-energy electrons from gold
nanoparticle in radiotherapy. J. Phys. Conf. Ser. 2012, 341, 012012. [CrossRef]

34. Lin, Y.; McMahon, S.J.; Scarpelli, M.; Paganetti, H.; Schuemann, J. Comparing gold nano-particle enhanced radiotherapy with
protons, megavoltage photons and kilovoltage photons: A Monte Carlo simulation. Phys. Med. Biol. 2014, 59, 7675–7689.
[CrossRef]

35. Tran, H.N.; Karamitros, M.; Ivanchenko, V.N.; Guatelli, S.; McKinnon, S.; Murakami, K.; Sasaki, T.; Okada, S.; Bordage, M.C.;
Francis, Z.; et al. Geant4 Monte Carlo simulation of absorbed dose and radiolysis yields enhancement from a gold nanoparticle
under MeV proton irradiation. Nucl. Inst. Meth. B. 2016, 373, 126–139. [CrossRef]

36. Peukert, D.; Kempson, I.; Douglass, M.; Bezak, E. Gold nanoparticle enhanced proton therapy: A Monte Carlo simulation of the
effects of proton energy, nanoparticle size, coating material, and coating thickness on dose and radiolysis yield. Med. Phys. 2020,
47, 651–661. [CrossRef]

37. Villagrasa, C.; Francis, Z.; Incerti, S. Physical models implemented in the GEANT4-DNA extension of the GEANT-4 toolkit for
calculating initial radiation damage at the molecular level. Radiat. Prot. Dosim. 2011, 143, 214–218. [CrossRef]

38. Incerti, S.; Suerfu, B.; Xu, J.; Ivantchenko, V.; Mantero, A.; Brown, J.M.C.; Bernal, M.A.; Francis, Z.; Karamitros, M.; Tran, H.N.
Simulation of Auger electron emission from nanometer-size gold targets using the Geant4 Monte Carlo simulation toolkit. Nucl.
Instrum. Methods Phys. Res. Sect. B 2016, 372, 91–101. [CrossRef]

39. Tran, H.N.; Archer, J.; Baldacchino, G.; Brown, J.M.C.; Chappuis, F.; Cirrone, G.A.P.; Desorgher, L.; Dominguez, N.; Fattori, S.;
Guatelli, S.; et al. Review of chemical models and applications inGeant4-DNA: Report from the ESA BioRad III Project. Med.
Phys. 2024, 51, 5873–5889. [CrossRef]

40. Jorge, P.G.; Grilj, V.; Bourhis, J.; Vozenin, M.-C.; Germond, J.-F.; Bochud, F.; Bailat, C.; Moeckli, R. Technical note: Validation of an
ultrahigh dose rate pulsed electron beam monitoring system using a current transformer for FLASH preclinical studies. Med.
Phys. 2022, 49, 1831–1838. [CrossRef]

41. Jaccard, M.; Durán, M.T.; Petersson, K.; Germond, J.-F.; Liger, P.; Vozenin, M.-C.; Bourhis, J.; Bochud, F.; Bailat, C. High dose-
perpulse electron beam dosimetry: Commissioning of the Oriatron eRT6 prototype linear accelerator for preclinical use. Med.
Phys. 2018, 45, 863–874. [CrossRef]

42. Zhao, X.; Liu, R.; Zhao, T.; Reynoso, F.J. Quantification of gold nanoparticle photon radiosensitization from direct and indirect
effects using a complete human genome single cell model based on Geant4. Med. Phys. 2021, 48, 8127–8139. [CrossRef] [PubMed]

43. Thomas, W.; Sunnerberg, J.; Reed, M.; Gladstone, D.J.; Zhang, R.; Harms, J.; Swartz, H.M.; Pogue, B.W. Proton and electron UHDR
isodose irradiations produce differences in reactive oxygen species yields. Int. J. Radiat. Ocol. Biol. Phys. 2023, 118, 262–267.
[CrossRef] [PubMed]

44. Sunnerberg, J.P.; Zhang, R.; Gladstone, D.J.; Swartz, H.M.; Gui, J.; Pogue, B.W. Mean dose rate in ultra-high dose rate electron
irradiation is a significant predictor for O2 consumption and H2O2 yield. Phys. Med. Biol. 2023, 68, 165014. [CrossRef]

45. Poignant, F.; Charfi, H.; Chan, C.-H.; Dumont, E.; Loffreda, D.; Testa, É.; Gervais, B.; Beuve, M. Monte Carlo simulation of free
radical production under keV photon irradiation of gold nanoparticle aqueous solution. Part. I: Global primary chemical boost.
Radiat. Phys. Chem. 2020, 172, 108790. [CrossRef]

46. Santiago, C.A.; Chow, J.C.L. Variations in Gold Nanoparticle Size on DNA Damage: A Monte Carlo Study Based on a Multiple-
Particle Model Using Electron Beams. Appl. Sci. 2023, 13, 4916. [CrossRef]

47. Chow, J.C.L.; Santiago, C.A. DNA Damage of Iron-Gold Nanoparticle Heterojunction Irradiated by kV Photon Beams: A Monte
Carlo Study. Appl. Sci. 2023, 13, 8942. [CrossRef]

48. Jabeen, M.; Chow, J.C.L. Gold Nanoparticle DNA Damage by Photon Beam in a Magnetic Field: A Monte Carlo Study. Nanomate-
rials 2021, 11, 1751. [CrossRef]

49. Peukert, D.; Kempson, I.; Douglass, M.; Bezak, E. Gold Nanoparticle Enhanced Proton Therapy: Monte Carlo Modeling of
Reactive Species’ Distributions Around a Gold Nanoparticle and the Effects of Nanoparticle Proximity and Clustering. Int. J. Mol.
Sci. 2019, 20, 4280. [CrossRef]

50. Antunes, J.; Rabus, H.; Mendes, F.; Paulo, A.; Sampaio, J.M. Chemical mechanism in gold nanoparticles radiosensitization: A
Monte Carlo simulation study. Radiat. Phys. Chem. 2025, 232, 112637. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

80



Article

Dynamic Susceptibility Contrast Magnetic Resonance Imaging
with Carbon-Encapsulated Iron Nanoparticles Navigated to
Integrin Alfa V Beta 3 Receptors in Rat Glioma

Agnieszka Stawarska 1,*, Magdalena Bamburowicz-Klimkowska 1, Wojciech Szeszkowski 2

and Ireneusz Piotr Grudzinski 1,*

1 Department of Toxicology and Food Science, Faculty of Pharmacy, Medical University of Warsaw, Banacha 1,
02-097 Warsaw, Poland; mjbamburowicz@wum.edu.pl

2 Department of Clinical Radiology, Faculty of Medicine, Medical University of Warsaw, Banacha 1A,
02-097 Warsaw, Poland; wojciech.szeszkowski@wum.edu.pl

* Correspondence: agnieszka.stawarska@wum.edu.pl (A.S.); ireneusz.grudzinski@wum.edu.pl (I.P.G.)

Abstract

Overexpression of αvβ3 integrin is found in a diverse group of tumors originating from
glial cells in the brain, making this transmembrane receptor a promising biomarker for
molecular MRI diagnosis. In the study, we conjugated a monoclonal antibody against the
β3 subunit (CD61) of the αvβ3 integrin receptor with carbon-encapsulated iron nanopar-
ticles to yield Fe@C-(CH2)2-CONH-anti-CD61 bioconjugates that were used in dynamic
susceptibility contrast magnetic resonance imaging (DSC-MRI). Wistar rats bearing C6
gliomas were injected as a single bolus (0.5 mL) through the tail vain with a suspension
of Fe@C-(CH2)2-CONH-anti-CD61 nanoparticles (200 μg mL−1) and the animals were
imaged using the T2*-weighted echo planar imaging (T2* EPI) technique. Results showed
that intravenously infused nanoparticles targeting αvβ3 integrin receptors provide strong
contrast in rat glioma tissues. No such effects were observed in other rat organs, although
some post-contrast effects were also noted in the liver and kidney. The study shows
that the as-developed nanoparticles decorated with anti-CD61 monoclonal antibodies
might be considered as a novel contrast candidate for noninvasive DSC-MRI diagnosis in
CD61-positive gliomas.

Keywords: carbon-encapsulated iron nanoparticles; alfa V beta 3 integrin; glioma; magnetic
resonance imaging

1. Introduction

Integrins have critical functions in malignancies, angiogenesis, cell invasion and mi-
gration and play vital roles in other cancer-relevant processes, including white blood cell
trafficking and activation, chronic inflammation and immune mimicry, which ultimately
determine disease state [1]. Since integrins are integral to the process of cell adhesion and mi-
gration, these transmembrane receptors have been assessed as potential contributors to glioma
invasion, as have the co-operating extracellular matrix (ECM) components [1]. The ECM in
the perivascular region of the brain comprises such components as collagen, fibronectin and
laminin [2]. The perivascular region is a site of frequent invasion, and it has been shown to be a
site where tumor cells are capable of adhering and spreading particularly well [3]. Expression
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of integrin β1 is enhanced in both high-grade glioma samples and in glioma-derived cell lines,
relative to normal brain tissue samples [4,5]. The β1 subunit is also a key integrin component
as it is able to partner many subunits capable of interaction with the ECM components present
in the perivascular region [4]. These integrins typically mediate epithelial cell adhesion to
the basement membrane, but might contribute to migration, proliferation and survival in
tumor cells [6]. Both αvβ3 and αvβ5 integrins are expressed in astrocytes and epithelial cells
at the tumor–normal tissue margin and together with corresponding ECM components have
a possible role in invasion, as they can be highly upregulated in cancer tissue [5,7–9]. Both
the αv and to a lesser extent β3 integrin subunits are expressed in numerous glioma-derived
cell lines and high-grade glioma biopsies [6,8,10]. Tumor cell expression of αvβ3, and αvβ5
integrins, is correlated with disease progression in glioblastoma [6,9]. Note that αvβ3 and
αvβ5 integrins are associated with the tumor vasculature of anaplastic astrocytomas and
glioblastoma multiforme specimens but are not expressed in the vasculature of low-grade
astrocytomas or in normal tissue [8]. Furthermore, expression of αvβ3 is observed at the
periphery of high-grade gliomas, while, in contrast, expression of αvβ5 was greater towards
the center of the tumor [4]. The integrin α6β1 plays an important role in the regulation of
glioma-initiating cells [11]. This integrin mediates the interaction of glioma-initiating cells
with laminin, an extracellular matrix protein expressed in basement membranes, including
those supporting endothelial cells [12]. Such interaction provides an anchorage for glioma-
initiating cells within the perivascular niche and supports their tumorigenic potential [5]. As
integrins are overexpressed in different glioma cells [13], these molecules make them attractive
targets for developing novel nanotechnology-based targeted contrast agents used in magnetic
resonance imaging (MRI) [14].

Nanoparticle-targeted imaging has emerged as a promising strategy in diagnostic
medicine, particularly in the context of cancer. Functionalized nanomaterials play a piv-
otal role in advancing biomedical imaging and diagnostics by offering enhanced sensitivity,
specificity and multiplexing capabilities. These materials, ranging from noble metal-based
nanoparticles (e.g., gold, silver), semiconductor quantum dots and iron oxide nanoparticles,
to carbon nanomaterials, are engineered at the nanoscale and functionalized with specific
ligands to interact with molecular targets relevant to disease processes [15,16]. The surface
modification, or functionalization, of these nanomaterials involves the attachment of biolog-
ical ligands such as antibodies, aptamers, peptides or small molecules such as folates, and
even vitamins or carbohydrates that confer target specificity and biocompatibility [17]. In
diagnostic applications, the choice of ligand determines the targeting capacity and functional
performance of the nanomaterial. Antibodies, with high affinity and specificity, are frequently
used for the detection of protein biomarkers such as HER2 in breast cancer or PSA in prostate
cancer [18]. Aptamers—short, single-stranded oligonucleotides—are synthetically selected to
bind various targets including small molecules, proteins and cells, and offer advantages such
as low immunogenicity and ease of chemical modification [19]. Peptides, due to their small
size and stability, are employed for targeting receptors like integrins (e.g., αvβ3) overexpressed
in tumor vasculature [20]. Small molecules such as folic acid are also used as targeting lig-
ands, exploiting their affinity for receptors (e.g., folate receptor) that are upregulated in many
cancers [17]. All these ligands enable nanomaterials to recognize and bind to a wide range
of molecular targets, including cell surface receptors, enzymes, nucleic acids and exosomal
markers. Such targeting facilitates the use of nanomaterials in various imaging modalities.
For instance, gold nanoparticles conjugated with antibodies or peptides enhance contrast in
computed tomography (CT) and photoacoustic imaging due to their strong X-ray attenuation
and plasmonic properties [21]. Quantum dots functionalized with aptamers or antibodies
serve as bright, photostable probes in fluorescence imaging for the detection of cancer cells or

82



Nanomaterials 2025, 15, 1277

circulating tumor markers [22]. Magnetic nanoparticles such as superparamagnetic iron oxide
particles, when functionalized with tumor-targeting ligands, improve the resolution and speci-
ficity of magnetic resonance imaging, aiding in early cancer detection and localization [20].
Beyond imaging, functionalized nanomaterials are increasingly integrated into biosensors and
point-of-care (POC) diagnostics. Their high surface area and customizable surfaces enable
the capture and detection of trace amounts of disease biomarkers in blood, saliva or urine.
Nanoparticle-based biosensors employing ligands like aptamers or antibodies can detect
molecular targets such as microRNAs, cytokines or viral antigens with high sensitivity and
rapid turnaround, making them promising tools for early diagnosis and monitoring [23].
However, despite significant preclinical success, major scientific and translational gaps of
using targeted nanoparticles remain that limit their routine clinical use. One of the central
challenges is the low delivery efficiency of nanoparticles to target tissues. Quantitative studies
have demonstrated that less than 1% of the injected dose of nanoparticles typically accumu-
lates at the target site, with the rest being rapidly cleared by the mononuclear phagocyte
system, particularly the liver and spleen [24]. Another limitation lies in the biological behavior
of nanoparticles, which is influenced by their interaction with blood components. Upon
systemic administration, nanoparticles rapidly adsorb plasma proteins, forming a “protein
corona” that can mask targeting ligands and alter biodistribution [25]. This phenomenon often
leads to reduced targeting specificity and enhanced clearance, diminishing the effectiveness of
active targeting strategies. While many nanoparticle formulations show minimal or moderate
toxicity in animal models, the long-term biocompatibility and immunogenic potential in
humans are less well understood. Inorganic nanoparticles, such as those based on iron oxide
or gold, raise concerns about tissue accumulation and degradation, especially in the absence
of reliable clearance mechanisms [26]. From a technical standpoint, imaging sensitivity and
quantification present further limitations. Many nanoparticle platforms used in magnetic
resonance imaging, for example, require relatively high local concentrations to produce a
measurable signal, which increases the required dose and potential toxicity [27]. Finally, the
complexity of nanoparticle synthesis, surface functionalization and reproducibility creates
substantial barriers to clinical translation. Variability in size, surface charge and ligand density
not only impacts biological performance but also complicates regulatory approval. Current
good manufacturing practices (GMPs) are not yet fully adapted to the nuanced production re-
quirements of multifunctional nanoparticle systems [28]. While nanoparticle-targeted imaging
is a powerful tool with significant theoretical and experimental support, its clinical application
is hindered by biological, technical and regulatory limitations. Addressing these challenges
will require interdisciplinary approaches that combine advances in nanotechnology, imaging
science, pharmacology and regulatory policy to enable the safe and effective use of targeted
nanoparticles in medical diagnostics.

Recent advances in nanotechnology have opened new avenues for early diagnosis
and treatments of cancers due to functionalized next-generation nanoparticles navigating
to different molecular targets [29–31]. One of these promising targets are integrins already
tested in both preclinical and clinical studies [32–35]. Types of integrin-targeted nanosized
contrasts include superparamagnetic iron oxide nanoparticles [14,36,37], gadolinium-based
nanoparticles [38–40] and porphyrin-based nanoparticles [37]. Each type has its own ad-
vantages and disadvantages. Magnetic nanoparticles (MNPs) have emerged as promising
candidates for cancer diagnosis and therapy due to their unique physical properties, such
as their small size, magnetic properties and biocompatibility [41–43]. Moreover, functional-
ization of MNPs with ligands, such as monoclonal antibodies, tumor-penetrating peptides
and aptamers can enhance their specificity and selectivity towards cancer cells that could
be used as targeting contrast agents in MRI [43–45].
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Magnetic resonance imaging is the most commonly used technique for gliomas due
to its superior soft tissue contrast and ability to differentiate between normal and tumor
tissues [46,47]. Key features of MRI for glioma diagnosis include T1- and T2-weighted imaging,
fluid-attenuated inversion recovery (FLAIR) imaging, diffusion-weighted imaging (DWI),
perfusion-weighted imaging (PWI) and magnetic resonance (MRS) spectroscopy [37,39,48,49].
Here, we developed a novel MRI contrast agent composed of carbon-encapsulated iron
nanoparticles functionalized with monoclonal antibodies against CD61 (Fe@C-(CH2)2-CONH-
anti-CD61) to target the beta 3 subunit (CD61) of the integrin αvβ3 transmembrane receptor,
which is highly overexpressed on glioma cells. Dynamic susceptibility-weighted contrast-
enhanced (DSC-MRI) imaging was performed on Wistar rats bearing C6 glioma tumors using
monoclonal antibody-navigated nanoparticles as T2*-weighted contrast agents.

2. Materials and Methods

Carbon-encapsulated iron nanoparticles were synthesized by a carbon arc discharge
route [50,51] and fully characterized for the size, shape, composition and physicochemical
properties as described elsewhere in detail [52]. More bioconjugation studies on carbon-
encapsulated magnetic nanoparticles using polyclonal and monoclonal antibodies to yield
Fe@C-(CH2)2-CONH-anti-CD61 bioconstructs have been completed and characterized in our
previous studies [20,53]. The magnetic and relaxometric properties of carbon-encapsulated
iron nanoparticles as a negative contrast agent for MRI have been recently described [54].

In animal studies, anti-CD61 monoclonal antibody-functionalized carbon-encapsulated
iron nanoparticles (Fe@C-(CH2)2-CONH-anti-CD61) were tested as contrast agents us-
ing mouse IgG1 anti-rat CD61 monoclonal antibodies (BD Biosciences, San Jose, CA,
USA) as navigating ligands. Male Wistar rats (6–7 weeks old, n = 5) purchased from the
Mossakowski Medical Research Institute Polish Academy of Science were used in the
experiments following the protocol approved by the local ethical committee for experimen-
tal animals (No 3/2009). Rat glioma C6 cells (ATCC-CCL-107) suspended in phosphate
buffered saline (Sigma-Aldrich, St. Louis, MO, USA) were administered (105 cells per
100 μL−1) subcutaneously into the right flank of the animals and the rats bearing C6 tu-
mors were examined three weeks after post-implantation. A 1.5T scanner (Magnetom
Avanto, Siemens Medical Solutions, Erlangen, Germany) and a 4-channel surface receiver
coil “flex” (Siemens Medical Solutions, Erlangen, Germany) were used in the imaging
studies of rats. The imaging protocols were conducted using the T2*-weighted echo planar
imaging (T2* EPI) with spoiler in the coronal plane (TR/TE 1250/58 ms, flip angle 90◦,
FoV 200 mm, slices 8, slice thickness 3 mm, base resolution 128, phase resolution 100%,
bandwidth 1502 Hz/Px, EPI factor 128, gradient mode Fast*). Regardless of the adopted
EPI regime and acquisition, the T2-weighted (anatomical) turbo spin echo (TSE) sequence
in the coronal orientation (TR/TE 3000/80 ms, flip angle 150◦, FoV 200 mm, slices 23, slice
thickness 2 mm, base resolution 250, phase resolution 100%, bandwidth 191 Hz/Px) was
also applied in the studies. All imaging data was analysed at a commercially available
workstation (Leonardo workstation for MRI, Siemens, Erlangen, Germany) and Brain-
Magix version 2.0.1 (Imagilys SPRL, Belgium). The animals bearing C6 glioma under
ketamine/xylosin (Sigma-Aldrich, St. Louis, MO, USA) anesthesia (45/3 mg kg−1) were
placed in the MR scanner (1.5T). The MRI examination began with setting the so-called
localizer sequence and precise positioning of the animal in the 3D planes. In order to
precisely dose the nanoparticle suspension to the tail vein of rats, automatic administration
was applied from a dispenser programmed in a defined time cycle. In the studies, the
nanoparticle suspension was prepared in a physiological sterile phosphate buffered saline
(PBS) solution, to which carboxymethylcellulose (CMC, Sigma-Aldrich, St. Louis, MO,
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USA), as a surfactant, was added at a concentration of 0.1 mg mL−1. The as-prepared sus-
pension of Fe@C-(CH2)2CONH-anti-CD61 nanoparticles (200 μg mL−1) was administered
in a single rapid bolus (0.5 mL) through a cannulated catheter into the tail vein of rats
bearing C6 glioma with acquisitions of T2*-weighted EPI images performed in the first 12.5
min (750 s) post-dosing. The anatomical T2-weighted imaging was also performed using
TSE sequences. The superimposition of T2*- and T2-weighted images was performed by
reconstructing perpendicular sections from the volume in a common coordinate system
using image data interpolation. The mutual position and geometry of the volumes as well
as the coefficients correcting the shifts and rotation between the collected image series
were taken into account. Regions of interest (ROI) were marked on the obtained images,
from which an averaged curve of relative arbitrary units of nanoparticle concentration
over time was calculated, specifying the time to reach the maximum amplitude on the
pharmacokinetic curves. The MR signal intensity was converted to a relative concentration
of nanoparticles expressed as arbitrary units according to the formula [55]:

Ct(t) = ktΔR*
2(t) = − kt

TE
ln
(

S(t)
S0

)
(1)

where:
Ct(t)—the relative concentration of the contrast agent (nanoparticles) in the tissue at

time t;
Kt—a proportionality constant that depends on the tissue, the contrast agent (nanopar-

ticles), the field strength and the pulse sequence parameters;
R2*—the relaxation rate (R2* = 1/T2*);
TE—the echo time of the MRI sequence;
S(t)—the signal intensity in the tissue at time t;
S0—the signal intensity during the baseline period before the arrival of the contrast

agent (nanoparticles).

3. Results and Discussion

Dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI), commonly
referred to as the “bolus tracking” method, monitors the first pass of an intravascular,
non-diffusible contrast agent through tissue. It relies on susceptibility-induced signal loss
observed in T2*-weighted sequences, which results from a bolus of a contrast passing
through the capillary bed [56]. This method involves intravenous injection of a paramag-
netic or superparamagnetic contrast agent in a bolus, i.e., a single rapid administration, and
measurement of the signal during its direct flow [57]. Since the flow time of the contrast
agent through the given tissue usually lasts several seconds, the use of fast MR imaging
techniques is required for correct characterization of the signal intensity. Echo planar
imaging (EPI) and fast low tilt angle sequences are commonly used in such studies [58].
The T2*-weighted sequences based on perfusion measurement are used in the case of
contrast agent movement only in the lumen of the blood vessel [59]. For this reason, they
commonly use blood pool contrast agents to modulate the signals [60]. Although the
vascular space is a small part of the total tissue volume (e.g., for the human brain it is
ca. 3–5%), the effect of contrast susceptibility of the flowing agent in the bolus causes
a strong momentary decrease in the signal in this space [37]. This type of phenomenon
was considered appropriate to analyze the possibility of using innovative core-shell type
carbon-encapsulated iron nanoparticles, which in light of the conducted previous studies
was classified as a typical negative contrast agent, i.e., reducing the MRI signal intensity on
T2- and T2*-weighted magnetic resonance images [52].
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The DSC-MRI study was performed on Wistar rats bearing C6 tumors growing on
a flank that were intravenously administered into the tail vain with a single bolus of
Fe@C-(CH2)2-CONH-anti-CD61 nanoparticles conjugated with monoclonal antibodies
against the beta 3 subunit (CD61) of the integrin αvβ3 receptors. Note that the sedimenta-
tion conditions of the as-used nanoparticle suspension were discussed in the publication
by Grudzinski et al. [61]. Based on the performed studies, the targeted deposition of
nanoparticles with a functionalized antibody against the CD61 integrin in tumor tissues
was demonstrated. This was noted as a strong post-contrast signal change in magnetic
susceptibility visible as increased red color on T2*-weighted images (Figure 1). Results
shown in Figure 1 provide T2* EPI-weighted images expressed as blood volume parametric
maps superimposed with T2-weighted images to better localize the tumor tissues. Creating
a blood volume parametric map (Figure 1) from DSC-MRI involved a structured series
of image-processing and signal-modeling steps. The process begins with the acquisition
of DSC-MRI data during the injection of a nanoparticle-based contrast agent. Once the
data were acquired, preprocessing was performed to ensure the accuracy of the signal
analysis. This included motion correction to align all volumes over time, and registration
to anatomical images. Following preprocessing, the MRI signal was converted into a
concentration-time curve by calculating the change in transverse relaxation rate (please
see the formula). The relative blood volume was then calculated by integrating the ΔR2*(t)
curve over time. This step was performed using numerical methods. Finally, the calculated
blood volume values were used to generate a parametric map that matches the spatial
dimensions of the original MRI data. The result is a voxel-wise representation of blood
volume, useful for assessing C6 glioma perfusion in Wistar rats (Figure 1).

Figure 1. Representative parametric maps of blood volume, overlaid on T2-weighted images, are
shown across different slices of a Wistar rat bearing a C6 glioma. The animal underwent dynamic sus-
ceptibility contrast MR imaging (DSC-MRI) following intravenous injection of Fe@C-(CH2)2CONH-
anti-CD61 nanoparticles (200 μg mL−1) administered as a single bolus (0.5 mL) into the tail vein.
DSC-MRI was conducted over 12.5 min using T2*-weighted EPI sequences (TR/TE = 1250/58 ms).
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Anatomical T2 images were performed using TSE sequences (TR/TE = 3000/80 ms). The left large
image displays a parametric map from a single slice, while the right small images combine maps
from multiple slices of the same rat. The accumulation of nanoparticles targeting the beta 3 subunit
(CD61) on the integrin αvβ3 receptors in glioma tissue leads to localized magnetic susceptibility
changes, visualized as areas of increased red intensity on the arbitrary unit (a.u.) color scale (refer to
the scale for interpretation). Both the left and right images use the same color scale ranged from 0 to
1383.96 a.u. The C6 glioma is indicated by arrows.

In the studies, we observed a pronounced increase in the concentration of Fe@C-
(CH2)2CONH-anti-CD61 nanoparticles in glioma tissues and this could be associated with
enhanced permeability and retention (EPR) effects (Figure 2). Such a significant increase
(arbitrary units) was not found in the case of the liver or kidney (Figure 2). Please note
that vascular extravasation in tumors refers to the leakage of blood components, including
nanoparticles, from the tumor vasculature into the surrounding tumor tissue due to the
abnormal structure and permeability of tumor blood vessels [62]. This phenomenon is
often enhanced in tumors, allowing for greater penetration of nanoparticles, which can ac-
cumulate at higher concentrations in the tumor microenvironment, making them potential
vehicles for targeted drug delivery [63]. The EPR effect, a hallmark of tumors, further facili-
tates the preferential accumulation of nanoparticles in tumor tissues, improving diagnostic
and therapeutic outcomes [64,65]. This process is influenced by factors like nanoparticle
size, tumor characteristics and the presence of leaky vasculature. The presence of beta
3 integrin receptors in glioma tissues and glioma vasculature may significantly enhance
the deposition of these nanoparticles in glioma as compared to other analyzed organs
(Figure 2). Our previous relaxometric measurements indicate the temporary deposition
of Fe@C-(CH2)2CONH-anti-CD61 in glioma and melanoma tumors examined in murine
syngeneic mice models [20,54]. The current results therefore confirm the observed ef-
fects, indicating the deposition of nanoparticles functionalized with antibodies recognizing
CD61 integrin receptors. Of course, in the case of nanoparticles, we cannot rule out the
nanoparticle extravasation effects.

Quantification of bolus-tracking data using an intravascular agent is based on the
principles of tracer kinetics for non-diffusible tracers [55]. These are used to model the
time-dependent concentration of the nanoparticle-based contrast agent in the tissue as
a function of the injected bolus, the blood flow and the fraction of the contrast agent
remaining in the tissue. One of the differences of MRI compared with other imaging
modalities is that MRI does not measure the concentration of the contrast agent directly.
In order to apply pharmacokinetic models of contrast distribution to imaging-based data,
the first essential step is to use the signal changes observed in the dynamic acquisition to
calculate quantitative parametric images of contrast concentration at each time point. The
concentration is related to its effect on the relaxation time and the change (compared with
the pre-injection baseline value) in the relaxation rate (R2* = 1/T2*) is linearly proportional
to the concentration of the contrast agent (please see the formula) [55]. Pharmacokinetic
studies evidenced a rapid increase in the concentration of Fe@C-(CH2)2CONH-anti-CD61
nanoparticles in the tumor environment at the first minutes following saturation of this
process in the next minutes (Figure 2). Minimal post-contrast effects were also observed in
the liver and kidney, but the contrast effects were significantly weaker compared to glioma
tissues (Figure 2). Basically, no such changes in the resonance signal were observed in the
gastrocnemius muscle of the rat, which served as a control for the pharmacokinetic study.
When analyzing the concentration profile of antibody-conjugated carbon-encapsulated iron
nanoparticles over time in rat C6 glioma tissues (Figure 2), it should be emphasized that
no typical curve pattern was observed, such as the one characteristic of gadolinium-based
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chelate agents routinely used in clinical DSC-MRI studies with glioma patients [66,67].
When gadolinium passes through the blood vessels, it causes changes in the magnetic
properties between the vessels and the nearby tissue. Even though blood vessels make up
only a small percentage of the total glioma tissue volume, the presence of gadolinium inside
them disrupts the uniformity of the local magnetic field. This disturbance spreads beyond
just the blood vessels, affecting nearby areas of tissue. As a result, both the spins inside
the blood vessels and those in the surrounding tissue experience a drop in T2*, leading
to a noticeable temporary decrease in signal. Following a standard intravenous bolus
injection, gadolinium typically exhibits a concentration-time curve marked by an initial rise
in concentration, followed by a rapid decline as the agent exits the tumor vasculature [68].
In contrast, the nanoparticle concentration profile in our study showed a markedly different
pattern (Figure 2). In the glioma tissue, we observed a sharp initial increase in concentration,
which then stabilized, forming a sustained plateau lasting up to 750 s. This result clearly
shows that nanoparticles are capable of causing blood vessels to leak, a process linked to
the phenomenon of extravasation (Figure 3). Additionally, their ability to bind to integrin
αvβ3 receptors due to navigating antibodies (anti-CD61) on both the endothelial cells of
glioma blood vessels and glioma cells enhances their accumulation within the tumor site.
This accumulation may lead to localized decreases in signal intensity on T2*-weighted
MRI scans (Figure 1). Notably, this behavior was not observed in the liver or kidneys.
Please note that the liver acts as a major site for the capture, processing and elimination of
particles, including nanomaterials, which can be taken up by hepatocytes, Kupffer cells
and endothelial cells in the liver sinusoids. The fenestrated endothelial architecture of
hepatic sinusoids further facilitates nanoparticle entry into the liver parenchyma. This
unique permeability allows nanoparticles—particularly those under 100 nm—to diffuse
into the space of Disse and be taken up by hepatocytes and stellate cells. Over time, this can
lead to nanoparticle accumulation and potential hepatic toxicity, especially for inorganic
nanomaterials that are not easily degraded or excreted [69]. Kupffer cells comprise the
largest population of tissue macrophages in the organism and play a crucial role in the
immune response. Iron nanoparticles are taken up by Kupffer cells and this is used in
imaging the primary liver tumor [70]. Interestingly, uptake of iron oxide nanoparticles by
Kupffer cells is used as a biomarker in MRI distinguishing benign from malignant liver
lesions [71,72]. Renal clearance is another significant pathway for nanoparticle elimination,
especially for particles with hydrodynamic diameters below ~5–8 nm. These ultrasmall
nanoparticles can pass through the glomerular filtration barrier and be excreted in the
urine. However, this is not always beneficial. In many cases, renal clearance competes with
the accumulation of nanoparticles at disease sites, shortening circulation time and reducing
imaging efficacy. Moreover, repeated exposure or improper surface functionalization can
result in tubular reabsorption or nephrotoxicity, particularly if the particles contain heavy
metals or reactive surface chemistries [73]. Importantly, the balance between hepatic and
renal clearance is strongly influenced by the physicochemical properties of nanoparticles,
including size, shape, surface charge and coating composition. For example, larger particles
(>100 nm) tend to be retained in the liver and spleen, while smaller, neutrally charged
and hydrophilic particles are more likely to be filtered by the kidneys. These competing
clearance mechanisms create a narrow design window for optimizing targeted imaging
agents that can circulate long enough to reach target tissues, yet avoid premature clearance
and off-target accumulation [74]. The challenge, therefore, is not simply reducing liver and
kidney uptake, but engineering nanoparticles that can evade these organs long enough to
engage disease targets while maintaining biocompatibility and eventual excretion.
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Figure 2. Pharmacokinetic analysis of antibody-conjugated carbon-encapsulated iron nanoparticles
(Fe@C-(CH2)2CONH-anti-CD61) in rat C6 glioma and other organs. The concentration of nanopar-
ticles is reported in arbitrary units (a.u.). A single bolus dose (0.5 mL) containing 200 μg mL−1 of
the nanoparticles was administered via a cannulated tail vein catheter to rats implanted with C6
glioma. MRI scans were conducted for up to 12.5 min (750 s) post-injection. Dynamic susceptibil-
ity contrast MRI (DSC-MRI) was performed using a T2*-weighted EPI sequence with parameters
TR/TE = 1250/58 ms.

Figure 3. Schematic diagram of nanoparticle extravasation in rat C6 glioma tissues. A single bolus
of carbon-encapsulated iron nanoparticles conjugated with a monoclonal antibody (anti-CD61) was
injected into the tail vein of Wistar rats bearing C6 glioma. These nanoparticles exited the glioma
vasculature through an EPR (enhanced permeability and retention)-mediated effect. Upon reaching
the glioma cells, they bound to the αvβ3 integrin, resulting in a detectable change in the magnetic
resonance signal (refer to Figure 1). As a result, the concentration of nanoparticles within the glioma
tissue increased (refer to Figure 2).
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Monoclonal antibody-conjugated carbon-encapsulated iron nanoparticles targeting
the beta 3 subunit (CD61) of the integrin αvβ3 receptors represent a promising class of
nanomaterials for targeted MRI diagnostics. In the context of MRI, these nanoparticles
act as effective T2 contrast agents due to their high magnetic susceptibility, significantly
improving image contrast and sensitivity [52]. Their superparamagnetic behavior at room
temperature minimizes remanence, reducing the risk of particle aggregation—a key factor
in safe in vivo applications [52]. Additionally, the carbon shell offers a versatile plat-
form for functionalization with targeting ligands (e.g., CD61), enabling specific binding
to biomarkers or tumor cells, thereby enhancing diagnostic precision [20,54]. In bolus-
tracking methods such as DSC-MRI, the T2*-based techniques for measuring perfusion
using contrast agents are primarily used in cases where there is a significant compartmen-
talization of the contrast agent (to observe a significant decrease in T2* relaxation). In
the present studies, we evidenced nanoparticle extravasation effects, which refers to the
movement of nanoparticles from blood vessels into surrounding glioma tissues (Figure 3).
This effect is primarily influenced by the EPR effect, where leaky tumor vasculature and
poor lymphatic drainage allow nanoparticles to accumulate in tumor tissues more than
in normal tissues. While this mechanism enhances nanoparticle accumulation, it may
also cause off-target effects and plausibly toxicity in non-tumor tissues. Therefore, under-
standing and optimizing extravasation is crucial for improving the efficacy and safety of
nanoparticle-based diagnostics, and ongoing research will seek nanoparticles for controlled
and targeted extravasation.

4. Conclusions

The performed preclinical DSC-MRI studies indicate local T2*-weighted contrast
changes in magnetic susceptibility in rat C6 glioma tissues after administration of carbon-
encapsulated iron nanoparticles functionalized with a monoclonal antibody (anti-CD61)
against the beta 3 subunit of the rat integrin αvβ3 receptors. The pharmacokinetic studies
of nanoparticles in rats bearing C6 tumors indicate the possibility of nanoparticle accumu-
lation in the glioma tissue. Considering the intravenous administration of nanoparticles in
rats, it cannot be ruled out that hepatic deposition also occurred after administration. The
studies indicate the importance of surface functionalization of carbon-encapsulated iron
nanomaterials with monoclonal antibodies selectively recognizing the beta 3 subunit of
the αvβ3 integrin receptor in targeted dynamic susceptibility contrast magnetic resonance
imaging in CD61-positive glioma cells. Therefore, the obtained results open new avenues
in the field of the use of targeted core-shell type magnetic nanoparticles in both glioma and
plausibly liver tumors, because the uptake of these nanoparticles in the hepatic macrophage
system may probably be a beneficial element in the case of hepatotropic imaging, including
primary liver tumors with overexpression of the integrin receptor αvβ3 [70,75]. Over-
all, monoclonal antibody (anti-CD61)-conjugated carbon-encapsulated iron nanoparticles
hold significant promise in advancing MRI-based diagnostics, offering a combination of
high contrast capability and targetability. Further research will determine their preclinical
safety and viability in clinical settings. Challenges will also remain in large-scale synthesis
with controlled size and surface properties, as well as in thorough long-term stability,
extravasation and clearance studies.
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ROI regions of interest
CD61 beta 3 subunit of the αvβ3 integrin receptor
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MNPs magnetic nanoparticles
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Abstract: The tear film, consisting of the aqueous and lipid layers, maintains the home-
ostasis of the ocular surface; therefore, when disturbed, it can cause dry eye, which affects
millions of people worldwide. Understanding the dynamics of the tear film layers is
essential for developing efficient drug delivery systems for dry eye disease. Quantum dots
(QDs) offer the potential for real-time monitoring of tear film and evaluating its dynamics.
Hydrophilic silicon QDs (Si-QDs) have already been optimised to image the aqueous layer
of the tear film. This study was conducted to optimise hydrophobic Si-QDs to image
the lipid layer of the tear film. Si-QDs were synthesised in solution and characterised by
transmission electron microscope and spectrofluorophotometry. The fluorescence emission
of Si-QDs was monitored in vitro when mixed with artificial tears. The cytotoxicity was
assessed in cultured human corneal epithelial cells using an MTT assay following 24 h of
exposure. Si-QDs were 2.65 ± 0.35 nm in size and were non-toxic at <16 μg/mL. Si-QDs
emitted stable green fluorescence for 20 min but demonstrated aggregation at higher con-
centrations. These findings highlight the potential of hydrophobic Si-QDs as a biomarker
for the real-time imaging of the tear film lipid layer. However, further research on surface
functionalisation and preclinical evaluations are recommended for enhanced solubility and
biocompatibility in the ocular surface.

Keywords: tear film lipid layer; dry eye disease; hydrophobic quantum dots; fluorescence imaging

1. Introduction

Dry eye disease (DED) is a multifactorial disease of the ocular surface characterised
by a loss of homeostasis of the tear film [1]. DED is accompanied by ocular symptoms in
which tear film instability and hyperosmolarity, ocular surface inflammation and damage,
and neurosensory abnormalities play etiological roles [1,2]. It is among the most prevalent
ocular conditions for people seeking eye care [3–5]. The prevalence of dry eyes ranges from
5 to 50% [6], affecting the quality of vision and life [7]. An altered/deficient tear film is
important in the pathophysiology of the DED [8].

The tear film is a complex dynamic fluid that covers the anterior ocular surface [1].
It consists of an outer lipid layer and an underlying muco-aqueous layer, which play an
important role in protecting and lubricating the ocular surface [5]. Any change/lack in
the aqueous or lipid layer of the tear film can lead to aqueous-deficient or evaporative
DED, respectively. The prevalence of evaporative DED is significantly higher than that of
aqueous-deficient DED [9]. Any change in the composition or production of tear film lipids
may lead to the development of evaporative DED [2].

Nanomaterials 2025, 15, 552 https://doi.org/10.3390/nano15070552
95



Nanomaterials 2025, 15, 552

A range of diagnostic tests and assessments are utilised to evaluate the presence and
severity of evaporative DED. These tests focus on tear film stability, lipid layer integrity,
and ocular surface health [10]. One of the primary diagnostic tools for evaporative DED
is measuring tear film break-up time (TBUT), which assesses the stability of the tear
film [11]. However, this test does not accurately assess tear dynamics over time. In
addition, ocular surface staining with fluorescein or lissamine green is used to examine
the cornea, conjunctiva, and eyelid margins. These dyes disrupt the tear film during
the examination [12] and are susceptible to autofluorescence and photobleaching [13].
The Schirmer test assesses tear production by inserting a strip of paper into the lower
conjunctival sac [14]. Interferometry [15] and optical coherence tomography [16] have been
commonly used in clinical practice to assess lipid layer thickness; however, the impact of
dynamic changes and tear film stability is still not well understood [5].

The tear film is subject to dynamic interfacial interactions between its layers [17]
and continuous blinking [12]. The interfacial properties impede the investigation of the
phase dynamics of the tear film [12]. The information gathered from diagnostics tests
does not provide insight into the tear film’s layers [12]. Therefore, the knowledge of
the interfacial dynamics of individual tear film layers remains inadequate [5,18]. The
simultaneous imaging of tear film layers with high-contrast biomarker may address this
issue and provide more insight into tear film dynamics [12].

Quantum dots (QDs) offer a promising alternative to traditional imaging techniques
and organic dyes and provide strong fluorescence for tear film bioimaging due to their
excitation range of around 500 nm [13]. These nano-sized particles (2–20 nm) emit stable,
bright fluorescence with reduced photobleaching, making them ideal for bioimaging [19,20].
While cadmium-based QDs are widely used, their toxicity raises concerns, especially for
ocular applications [21]. However, silicon QDs (Si-QDs) present a biocompatible option
with flexible surface modification, producing either a hydrophilic or hydrophobic charge,
making them suitable for imaging tear film layers [22]. Silicon nanomaterials in the
50–150 nm range are compatible with human corneal cells, highlighting their potential as
safer alternatives for ocular surface bioimaging [22–27].

High-contrast biological biomarkers for the precise labelling of tear film layers may
enhance the knowledge of tear film dynamics [12]. In our previous study, amine-terminated
hydrophilic Si-QDs have been optimised for bioimaging tear film aqueous layer [22].
However, the transition to hydrophobic systems in this study was required to image the
lipid layer of the tear film, which plays a crucial role in maintaining tear film stability and
preventing evaporation. Hydrophobic QDs offer several advantages, including improved
compatibility with lipid-rich environments, enhanced stability at the air–liquid interface,
and stronger interactions with the tear film’s outermost layer. This shift addresses the
limitations observed in aqueous systems, where hydrophilic QDs primarily interact with
the aqueous layer, making it challenging to study lipid-layer dynamics. Using hydrophobic
QDs, we aim to expand the potential of QD-based imaging for a more comprehensive
analysis of tear film structure and function.

This study presents the optimisation of hydrophobic scandium-doped Si-QDs (Sc-Si-
QDs), which may eventually serve as a biomarker for imaging the tear film lipid layer.

2. Results

2.1. Characteristics of Si-QDs

Si-QDs were 2.65 nm (±0.35) in size and had spherical morphology (Figure 1).
Figure 2 shows the photoluminescence emission spectra of Si-QDs at various excitation

wavelengths (360–480 nm). The y-axis represents the arbitrary units of photoluminescence
intensity of emission wavelengths. Si-QDs were excited remarkedly by 360, 380 and 400 nm.
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The emission peak (130 RFU) transitioned from 400 nm with a narrow emission bandwidth
within the visible light spectrum, to 570 nm. The intensity of emitted light diminished at
excitation wavelengths of 500 nm and onwards. Si-QDs were prepared using the same
synthesis method; their photoluminescence quantum yield was 14.5%, and full width at
half maximum was 90 nm [28,29].

(a) (b)

Figure 1. (a) TEM (Transmission electron microscopy) image of Si-QDs; (b) size distribution of
Si-QDs.

Figure 2. The photoluminescence emission spectra of Si-QDs at different excitation wavelengths
(400–520 nm).

2.2. Cytotoxicity of Si-QDs

Figure 3 shows the percentage viability of HCECs following exposure to different
concentrations of Si-QDs. Si-QDs showed an average cell viability of >95% at 1 μg/mL
and reduced to 5% at 250 μg/mL, compared to the positive control. Si-QDs exhibited no
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significant reduction in cell viability at 16 μg/mL and below, relative to the negative control
(p = 0.15).

Figure 3. MTT assay: Cell viability (%) of human corneal epithelial cells (HCECs) after exposure to
different concentrations of Si-QDs. The horizontal line indicates a cut-off cell viability of more than
75%. Negative control, NC positive control (PC).

2.3. In Vitro Fluorescence Imaging of TheraTears® with Si-QDs

The control solution (TheraTears®), devoid of Si-QDs, exhibited no detectable fluores-
cence signal (Figure 4a). Si-QDs emitted green fluorescence at all given concentrations with
scattered fluorescence emission at 16 μg/mL and above. However, Si-QDs appeared to be
aggregated at higher concentrations resulting in dispersed fluorescence (Figure 4d).

(a) Control (b) 1 μg/mL (c) 16 μg/mL (d) 2 mg/mL

Figure 4. Fluorescence emissions of Sc-Si-QDs in TheraTears® at different concentrations. NC = nega-
tive control (TheraTears® alone).

Figure 5 illustrates the emission of green fluorescence from Si-QDs at 1 min (Figure 5a)
and 20 min (Figure 5b) following their addition to TheraTears®. The average fluorescence
intensity was 183 RFU at 1 min and 176 RFU at 20 min. The fluorescence intensity of Si-QDs
was stable over the 20 min observation time (p < 0.05).

Figure 6 illustrates the detection of fluorescence emission wavelength from artificial
tears and Si-QDs using SOLIS software. Si-QDs-free TheraTears showed a broader visible
light emission (300–700 nm), while Si-QDs emitted at a discrete peak of 530 nm.
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(a) (b)

Figure 5. The fluorescence emission of the Sc-Si-QDs at two different time points: after (a) 1 min and
(b) 20 min. RFU: Relative Fluorescence Unit.

(a) (b) 

Figure 6. Signal detection from (a) Control TheraTears and (b) TheraTears + Si-QDs.

2.4. Solubility of Si-QDs

Figure 7 illustrates the solubility of Si-QDs in MilliQ water and Chloroform. In MilliQ
water, Si-QDs exhibited minimum solubility as particles aggregated and adhered to the
glass walls, and remained at the top surface of the solution. In contrast, Si-QDs showed
higher solubility in Chloroform, forming a homogeneous solution.

(a) (b) 

Figure 7. The solubility of Si-QDs in (a) MilliQ water and (b) Chloroform.
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3. Discussion

DED is among the most widespread ocular diseases globally, affecting the quality of
vision and daily life [6]. The tear film is essential for developing treatment modalities for
DED; however, fundamental knowledge about dynamics remains incomplete [3,5]. QDs
provide a novel approach to studying the tear film dynamics [12,22] and an alternative to
traditional diagnostic dyes and imaging techniques due to their fluorescence properties
and surface functionalisation [13]. The current study demonstrated the optimal size and
investigated the fluorescence emission and cytotoxicity of hydrophobic Si-QDs, which
could potentially be used as a bioimaging agent to study tear film lipid layer dynamics.

Hydrophobic Si-QDs were synthesised in an aqueous phase [30]. To achieve the
quantum yield effect ideal for bright fluorescence emission, a strong reducing agent such as
LiAlH4 was used to generate small size particles [31]. This size allows particles to absorb
light within a broad spectrum while emitting a narrow wavelength of light [28]. In addition,
the surface of Si-QDs was modified with the hexane group to be hydrophobic, making
Si-QDs suitable for specific labelling of the tear film’s lipid layer [12]. As visible light is
commonly employed in ophthalmic imaging devices for safety purposes, it is important to
use a light source to excite QDs while delivering a discrete emission [12].

Si-QDs have strong resistance to photobleaching, a major drawback of the currently
used organic fluorescent dyes [30]. This characteristic is specifically important in the tear
film imaging, which requires prolonged imaging [12]. Si-QDs exhibited stable fluorescence
emission at all given concentrations for 20 min, consistent with prior studies [22,28,30,32]. In
addition, Si-QDs emit a suitable wavelength of light, which is desirable for specific bioimaging.
Therefore, it may be feasible to dispense hydrophobic Si-QDs into the lipid component of
the tear film and capture their dynamics using a fluorescence emission signal. In contrast,
it is difficult to monitor individual layers of tear film using fluorescein for a more extended
period as it destabilises the tear film during examination [33]. Fluorescein cannot differentiate
between aqueous-deficient and evaporative dry eyes [34]. QDs could label specifically the tear
film lipid layer and help develop a targeted drug delivery system. Nonetheless, the chance
of reduced fluorescence in biological environments still remains; hence, studies on in vivo
imaging models are recommended for further optimisation of Si-QDs.

In contrast to hydrophilic Si-QDs, hydrophobic Si-QDs aggregated at certain concen-
trations, as previously reported [35]. This aggregation likelyresulted from the hydrophobic
nature of Si-QDs, which was not sufficiently accommodated by the surfactants present in
artificial tear formulations [36]. Under specific conditions, hydrophobic QDs with mini-
mal cosolvents, such as chloroform and hexane, can penetrate membranes non-invasively,
suggesting the potential for novel nanoprobes [37]. Therefore, hydrophobic QDs could be
solubilised with cosolvents to image tear film lipid layers without aggregation. Polymer
encapsulation of hydrophobic particles facilitates solubility in aqueous environments, mak-
ing QDs suitable for bioimaging [38]. This encapsulation enhances the stability of quantum
dots in physiological conditions without compromising their optical properties [38]. An-
other option is surface functionalisation with polyethylene glycol to increase the solubility
of Si-QDs and their biocompatibility in an aqueous environment [39].

One prominent advantage of Si-QDs is their biocompatibility compared to tradi-
tional QDs, which often constitute toxic elements such as cadmium and lead [25,27,40,41].
Therefore, this biocompatibility enhances the potential of Si-QDs for use in tear film
bioimaging, where direct contact with biological tissue is required [23]. In this study,
Si-QDs did not significantly reduce the cell viability of HCECs at 16 μg/mL and below.
A concentration-dependent reduction in cell viability was seen at concentrations beyond
16 μg/mL. Molybdenum sulfide QDs exhibited a cell viability of >77% at 250 μg/mL and
a dose-dependent reduction in cell viability of Hela cells at higher concentrations [42].
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Similarly, copper and carbon hydrophobic QDs also did not exhibit cytotoxic effects on
mouse fibroblast cells [43,44]. Cadmium-based QDs have been shown to induce significant
cytotoxic effects due to the release of reactive oxygen species [45]. Limited studies indicate
no toxicity associated with Si-QDs [23,25], while others showed higher toxicity even with
small-sized particles (<6 nm) [46]. No cytotoxic effect was observed with large 50 nm
QDs [47]. Hydrophobic QDs show significant potential for ocular applications, but their
cytotoxicity varies depending on composition, surface modification, and concentration.
Gaining a deeper understanding of these factors is essential for developing safer and more
efficient quantum dot-based technologies.

4. Materials and Methods

4.1. Synthesis and Characterisation of Hydrophobic Sc-Si-QDs

Si-QDs doped with scandium were synthesised in a solution phase [29]. Solution
phase synthesis uses surfactants to interact with nanoparticles and limit their growth to
reach the optimal size [48]. This synthesis process was conducted under argon atmosphere
in a glove box with oxygen levels below 10 ppm and surface functionalisation with Zinc
Sulphide [49] to prevent the oxidation of silicon in a biological environment [48]. Therefore,
tetraoctyl ammonium bromide in toluene is used. QDs were analysed for their size and
photoluminescence by TEM (Olympus Life Science, Notting Hill, VIC, Australia) and
spectrofluorophotometer (RF-5301PC Shimadzu, Rydalmere, NSW, Australia). TEM images
were taken at an acceleration voltage of 200 kV.

Briefly, as shown in Figure 8 Si-QDs were doped with four scandium atoms per QDs
molecule by adding 0.5 g of tetraoctylammonium bromide and 0.026 mmol of ScCl3 to a
Schlenk tube. The Schenk tube underwent three evaluation cycles along the Schlenk line,
followed by 5 min of Nitrogen purging per cycle. A total of 50 mL of anhydrous toluene
was added, stirring the solution for 24 h. Silicon tetrachloride was added, and the solution
was again stirred for an hour. Lithium aluminium hydride (reducing agent) was added,
allowing the solution to react for 3 h. This resulted in hydride Si-QDs doped with Sc.
Hydrophobic quantum dots were created by modifying silicon hydrogen bonds by adding
0.1 mol hexachloroplatinic acid in isopropyl alcohol and 1-heptene [48]. The samples for
Transmission Electron Microscopy (TEM) were prepared by drop-casting doped Si-QDs in
0.5–1.0 mL of hexane onto carbon-coated copper grids. The emission spectrum is used to
obtain the most significant emission wavelengths.

Figure 8. The schematic representation of hydrophobic Si-QDs.

4.2. MTT Assay

Human Corneal Epithelial Cells (HCECs) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM: Thermo Fisher Scientific, Sydney, Australia) supplemented with 10%
Fetal Bovine Medium, 2 ng/mL human recombinant epidermal growth factor, and 1% ITS
at 37 ◦C with 5% CO2. The MTT assay was used to evaluate the cytotoxicity of hydrophobic
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Si-QDs against HCECs after 24 h of exposure [27]. This assay is based on reducing the
3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to dark blue formazan
by viable cells in a 96-well plate, incubated at 37 ◦C in a 5% humidified CO2 chamber.
HCECs were exposed to different concentrations (2000 μg/mL, 1000 μg/mL, 500 μg/mL,
250 μg/mL, 125 μg/mL, 62.6 μg/mL, 32 μg/mL, 16 μg/mL, 8 μg/mL, 4 μg/mL, 2 μg/mL,
1 μg/mL) of Si-QDs in triplicates for 24 h. DMSO and DMEM were used as positive
and negative controls, respectively. After incubation, 100 μL of 5 mg MTT was added
to each well containing HCECs and three blank wells, and the plate was incubated for
2–4 h until purple precipitates appeared. The supernatants were removed, and 100 μL of
DMSO was added to solubilise the MTT. The absorbance was measured at 570 nm using
a spectrophotometer (BMG LABTECH, Ortenberg, Germany). The percentage viability
was calculated using absorbance values and plotted against concentrations of Si-QDs. The
non-toxic concentrations were further analysed for fluorescence emission.

4.3. In Vitro Imaging of Si-QDs

This study used an optimised imaging system based on a previously published proce-
dure to detect fluorescence from Si-QDs [50]. The fluorescence emission of the hydrophobic
Si-QDs was detected by mixing a 10 μL aliquot of non-toxic concentrations of Si-QDs
(16 μg/mL, 8 μg/mL, 4 μg/mL, 2 μg/mL, 1 μg/mL) with artificial tears (TheraTears®,
Akorn, Inc., Ann Arbor, MI, USA). TheraTears®, a balanced electrolyte formula, was used
because it closely mimics the physiology of the tear film. The ultimate goal of Si-QDs is
to image the tear film; therefore, optimising their fluorescence in an environment closely
resembling the tear film is crucial. In addition, in vitro imaging can provide accurate
results without the risk of degradation caused by toxic substances in organic dyes [22]. A
high-resolution sCMOS camera (Zyla 5.5 megapixel, Andor Oxford Instruments Group,
Belfast, Northern Ireland) attached to a slit lamp biomicroscope (Carl Zeiss, Dublin, CA,
USA) was used for in vitro imaging of Si-QDs. Images were taken at a frame rate of 25 per
second using Slit Lamp (30×) at time intervals of 1 min, 5 min, 10 min, 15 min, and 20 min.
The built-in excitation filter of the slit lamp biomicroscope was used while the emission
filter (MF530 FITC Emission Filter; Thorlabs Inc., Newton, New Jersey, USA) was placed
in front of the slit lamp objective lens to facilitate discrete fluorescence emission from
Si-QDs. The background signal was subtracted using SOLIS software. Three repeated
single scans were taken using an exposure time of 1.99 s. A clear microscope slide was
used as a negative control.

4.4. Assessment of Si-QDs Solubility

The solubility of Si-QDs has been evaluated by their dispersion in aqueous and organic
solvents. Si-QDs were added to the MilliQ water and chloroform to achieve the safest
concentration of 16 μg/mL. The solution was then vortexed (Vortex Genie 2-Mixer 230 V,
50 Hz) at 1000 RMP/min for 1 min to allow the particles to dissolve. Finally, the resulting
solution was observed for its solubility in a solvent.

5. Conclusions

Hydrophobic Si-QDs demonstrated optimal size, biocompatibility, and discrete fluo-
rescence emission, suggesting their potential application in imaging the tear film lipid layer.
However, unlike hydrophilic Si-QDs, hydrophobic Si-QDs may aggregate on the ocular
surface due to nonpolar functional groups and solvents. Based on the results, surface func-
tionalisation and the use of cosolvent are recommended to enhance their solubility using
cosolvent. Future research should also involve preclinical ex vivo and in vivo cytotoxic
evaluations for further optimisation.
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Abstract: This study addresses issues in developing spatially controlled magnetic fields for particle
guidance, synthesizing biocompatible and chemically stable MNPs and enhancing their specificity
to pathological cells through chemical modifications, developing personalized adjustments, and
highlighting the potential of tumor-on-a-chip systems, which can simulate tissue environments and
assess drug efficacy and dosage in a controlled setting. The research focused on two MNP types,
uncoated magnetite nanoparticles (mMNPs) and carboxymethyl dextran coated superparamagnetic
nanoparticles (CD-SPIONs), and evaluated their transport properties in microfluidic systems and
porous media. The original uncoated mMNPs of bimodal size distribution and the narrow size
distribution of the fractions (23 nm and 106 nm by radii) were demonstrated to agglomerate in
magnetically driven microfluidic flow, forming a stable stationary web consisting of magnetic fibers
within 30 min. CD-SPIONs were demonstrated to migrate in agar gel with the mean pore size equal
to or slightly higher than the particle size. The migration velocity was inversely proportional to
the size of particles. No compression of the gel was observed under the magnetic field gradient of
40 T/m. In the brain tissue, particles of sizes 220, 350, 820 nm were not penetrating the tissue, while
the compression of tissue was observed. The particles of 95 nm size penetrated the tissue at the edge
of the sample, and no compression was observed. For all particles, movement through capillary
vessels was observed.

Keywords: tumor; magnetic nanoparticles; magnetically controlled transport; microfluidic systems;
organic porous systems; tissue engineering

1. Introduction

The development of methods for the selection of efficient and low-toxicity drugs for
target delivery and the suppression of tumors growth locally, thus minimizing damage
to healthy organs, is an urgent and acute biomedical problem [1–5]. An intensively de-
veloping approach is the utilization of magnetic nanoparticles (MNPs) as vehicles for the
targeted delivery of anticancer drugs. The realization of this approach requires solving
several problems: the development of external fields providing the spatially determined
transport of particles within an organism, the preparation of biocompatible and chemically
stable MNPs and their chemical modification with targeting components (e.g., antibodies,
peptides, etc.), ensuring their presence at the surface of pathological cells, and releasing
antitumor preparations at the target cells [5–9].
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References to magnetic nanoparticles (MNPs) for biomedical applications have been
around for quite some time. Thus, in [10], the authors discuss applications of magnetic
materials in medicine, including applications of the technology of fine particle iron for
the treatment of cancer and mental disease, and for diagnostic purposes. Although the
real explosion of nanoparticle technologies for biomedicine occurred with the introduction
of nanotechnology [11], various applications of MNPs started to intensively develop,
particularly in the field of targeted drug delivery [5,12–16]. The most recent efforts are
concentrated on the development of various types of coatings for magnetic nanoparticle
core [5,17–22]. So, at present, the family of biomedical magnetic nanoparticles includes the
following principal types: maghemite (γ-Fe2O3) [23] and magnetite (Fe3O4) [11], used as a
magnetic core, SPIONs [6,7,9,24], magnetic liposomes–MNPs covered with a phospholipid
layer [25], and others. Among the biogenic magnetic nanoparticles, magnetosomes should
be mentioned, as they are generated by magnetotactic bacteria. These MNPs demonstrate a
magnetic core with an outstanding ordered structure and are covered with a layer like a
cell wall [5]. It is necessary to note that the isolation of such MNPs is a very difficult and
labor-intensive process [26–28].

Contemporary studies in the field of MNPs, particularly in the most current field
of development, target-oriented drug delivery particles, are focused on the following
directions [5]: the regular structure of MNPs, the biocompatibility and chemical neutrality
of the shell, and, at the same time, the possibility of its chemical modification [29], the
absence of particle aggregation effects, small size, and the ability to penetrate living tissues.

Solving the above problems at the stage of pharmaceutical preparation development,
as well as at the stage of dosage adjustment in personalized medicine and target delivery
challenges, is labor-intensive, expensive, and requires the use of laboratory animals, volun-
teers, etc. A promising solution is the preparation of tumor models on a chip [30–37]. This
could be used in extensive experiments on drugs efficiency adjustments, as well as with
the samples of patients’ tumor cell culture to adjust personal biochemistry and the dosage
of the antitumor drug.

The ultimate goals of solving these problems involve creating a topology of microchan-
nels that imitate the vascular system, compartments for the culturing of tumor cells with
interfaces with the vascular system and that allow access for tested drugs, special cells
for studying the migration of drugs into the culture of tumor cells, and models based on
polymer gels similar to living tissues.

The current technological level of hybrid-integrated microfluidic analytical devices
fabrication allows the implementation of a wide variety of topologies, thick layer or printing
technologies, sheet and nanostructured materials, integrated sensors. and many other pos-
sibilities. The precision of realization approaches 1–5 μm [38–41]. However, the integration
of live tissues, including 2D, 3D, or spheroid types, represents a specific challenge [38].

A variety of approaches using models of tumors have been described [5] the advances
which have been realized within the tumor-on-a-chip (TuOCh) concept design. But despite
their advantages, such as simple culture growth, low cost, and the technological avail-
ability of formation and assembly methods, these approaches involve subjecting cancer
cells to artificially restricted growth conditions and lack key components of the tumor mi-
croenvironment that affect cancer biology and drug response, including tumor mechanical
properties and intertumoral gradients of compounds. In healthy organs, the vasculature
is solid, while in tumors, the vasculature is leaky, with poor lymphatic drainage [36].
Nanoparticles of <200 nm in size are reported to be selectively captured in a tumor by
an effect known as enhanced permeability and retention (EPR) [36,37]. The EPR effect in
human tumors is of great interest, since it opens a way of drug delivery when the perme-
ability of tissues is normally poor. Thus, the study of tumor models on a chip can help
to find ways to increase the permeability of nanoparticles delivering antitumor drugs to
targets by using vasculature [42], the EPR effect, or some other mechanisms for the targeted
delivery of drugs in nanomedicine. The effect of magnetically guided target delivery was
demonstrated in [43] for dextran-coated MNPs of 50 nm size on a murine model. Recently,
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a dual-mode targeting implementing EPR and ligand–antibody interaction have shown
great prospects for the in vitro use of magnetic nanoparticles in therapy. As an example,
single core SPIONs carrying siRNA and HER2 antibody fragments have demonstrated
high biocompatibility and remained stable and resistant to enzymatic degradation in the
models of biological fluids. These particles demonstrated improved intake and retention on
HER2-overexpressing breast cancer cells compared to onloaded particles even in the mag-
netic field. Similarly, <100 nm size core SPIONs functionalized with RGD and glucosamine,
aside from biocompatibility, expressed low macrophage activation. Utilizing EPR and
ligand specificity, the authors confirmed high SPION retention and imaging effectiveness
in tumor tissue.

At the current stage of work, the aim was to study the behavior of a variety of magnetic
nanoparticles, including the “bare” magnetite nanoparticles (mMNPs) and carboxymethyl
dextran-coated SPIONs (CD-SPIONs) as regards the penetrability into various porous
tissues, including synthetic gels and murine brain tissue under the magnetic field drive.
The results are important for the development of tumor-on-a-chip models and the target-
oriented transport of anticancer medicines in organisms.

2. Materials and Methods

2.1. Magnetic Nanoparticles

Two types of magnetic nanoparticles (MNPs) were synthesized and studied, namely
(1) MNPs without a shell (mMNPs) [44–47] and (2) carboxymethyl dextran-coated super-
paramagnetic iron oxide nanoparticles (CD-SPIONs) [48–51]. The MNPs were synthesized
by authors as described below.

2.1.1. Materials for Preparation of Magnetite Nanoparticles

The following reagents were used for the preparation of mMNPs: ferric chloride hexahy-
drate FeCl3·6H2O, ammonium hydroxide, NH3OH and sodium tetrahydridoborate, NaBH4—
all are of puriss grade, ≥98%, obtained from LLC “Vecton” (St. Petersburg, Russia).

2.1.2. A Procedure of Magnetite Nanoparticles Formation

The mMNPs were synthesized by the proprietary method based on the reduction
principle at ETU "LETI" (St. Petersburg, Russia).

The 1.25% w/v solution of FeCl3·6H2O was prepared in deionized water under inten-
sive vertical stirring. The 3.5% w/v solution of NH3OH was prepared in deionized water.
Then, 2 g of NaBH4 was dissolved in 100 mL of 3.5% solution of NH3OH. The solution
of FeCl3·6H2O heated up to T = 40 ◦C and the solution of NaBH4+NH3OH was added
to it under intensive stirring. Then, the system was heated to achieve thermodynamic
equilibrium at T = 95 ◦C. Under these conditions, the reduction reaction was completed in
60–120 min. The magnetic nanoparticles were formed during the reduction process, being
settled at the bottom of the vessel under the action of a magnetic field. In two hours, the
system cooled down to room temperature, and the magnetic phase was isolated using the
magnetic separation technique. As a result, a highly stable, black magnetic powder in the
form of two fractions of Fe3O4 was settled at the bottom of the reaction vessel.

2.1.3. Materials for Preparation of Carboxymethyl Dextran-Coated Superparamagnetic
Iron Oxide Particles (CD-SPIONs)

The reagents used—FeSO4 and FeCl3 aqueous solutions, NH4OH, CsCl, and car-
boxymethyl dextran sodium salt—all are of puriss grade and were obtained from Sigma-
Aldrich (St. Louis, MO, USA).

2.1.4. Procedure of CD-SPIONs Preparation

Carboxymethyl dextran-coated superparamagnetic iron oxide nanoparticles (CD -
SPIONs) were synthesized by the microemulsion method at Institute of Cytology RAS
as described earlier [52,53] and more specifically by the coprecipitation of Fe2+ and Fe3+
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salts solutions (at pH = 10, inert atmosphere and T = 80 ◦C) and followed by electrosteric
stabilization by a negatively charged dextran coating. The resulting core of CD-SPIONs are
30 nm size.

2.2. Microfluidic Chips
2.2.1. Materials for Microfluidic Chips Fabrication

The layers of microfluidic chip sandwich structures were prepared by laser ablation
from a poly(methylmethacrylate) (PMMA) sheet, 1.5 mm thick, polyethylene terephthalate
(PET) sheet 0.5 mm thick, polyethylene (PE) sheet 0.3 mm thick, polypropylene (PP) sheet
(Astroplastica, St. Petersburg, Russia). All layers are optically transparent in the visible
range of the spectrum and sufficiently chemically and biologically inert (Table 1). In certain
cases, 3M™ Scotch® Transparent Film Tape 600 (St. Paul, MN, USA) (polyvinylchloride
(PVC) film/acrylic adhesive) was used for hermitization [39,40] (Table 1).

Table 1. Properties of polymer films used in formation of microfluidic chips.

Material Name
Thickness,

mm
Density,

g/cm3 at 20 ◦C
Melting Point,

◦C
MW,
kDa

Structural Formula

Poly(methylmeth-
acrylate) (PMMA) [39,40] 1.5 1.18 >100 100–150

Polyethylene
terephthalate (PET)

[54–56]
0.5 1.38 >245 150

 

 

Polyethylene (PE) [57–59] 0.3 0.88–0.96 115–135 <200

Polypropylene (PP) [60,61] 0.3 – 130–171 –

3M™ Scotch®

Trans-parent Film Tape
600 (polyvinylchloride

(PVC) film/acrylic
adhesive) [62]

0.52
0.38 (PVC base) 1.35–1.43 150–220 100–170

2.2.2. Microfluidic Chips Fabrication Technology

The microfluidic chips were fabricated as a sandwich structure bonded by the thermo-
compression technique [39,63–66]. The surfaces were treated by isopropyl alcohol prior to
bonding procedure. The temperature of bonding was 120 ◦C, which was applied under
gradual heating stepwise with the intervals of 20 ◦C and exposition time at each step of
20 min. The pressure was about 200 g/cm2.

The topologies of planar capillary patterns were formed in polymer sheets of 0.3–0.5 mm
thickness using the laser ablation technique with a laser machine Zareff M2, 300 × 200 mm,
40 W CO2 laser (LLC “Zareff”, Moscow, Russia). The sandwich structures were composed
by adjusting the base layer and cover layer (with corresponding openings) with the inter-
mediate layer comprising through in-sheet channel structures. The assembly was placed
into the steel press (200 g/cm2) and heated in oven Industrial Lab DZG-6020 25L Electro-
Thermostatic Hot Air Circulating Drying Oven (Zhejiang NADE Scientific Instruments Co.
Ltd., Hangzhou, China) at 120 ◦C for 60 min.
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2.3. Porous Media of Differing Mean Pore Diameter
2.3.1. Materials for Preparation of Porous Media

Porous media as a model of biological tissues in experiments on magnetically me-
diated transport of nanoparticles were prepared using agarose gel (Agar-Agar 900, LLC
MolecularMeal, Moscow, Russia) of differing concentrations of initial suspension.

2.3.2. Procedure of Porous Media Preparation

The mean pore size concentration dependence was selected according to the data
presented in earlier publications [67,68]. The mean pore size of the gel varied by the
selection of polymer concentration.

To prepare agarose gels, the powders were suspended in water of ambient temper-
ature and left to swell for 20 min. After swelling, the suspended polymer was slowly
heated under continuous stirring up to 90 ◦C for 30 min. Then, the gel was poured into
cells of the hybrid microsystem using a dispenser. Agar gels were prepared at various
concentrations within the range from 0.25% w/v to 0.5% w/v. The gel models were optically
sufficiently transparent.

2.4. Testing Materials, Buffer Solutions

Phosphate buffer solution was prepared from PBS tablets (Biotechnology grade, Am-
E404-100, Helicon, Moscow, Russia) composed of 0.01 M PBS, 0.137 M NaCl, 0.002 M KCl,
and pH 7.4 dissolved in 100 ml of deionized water. Albumin bovine serum (BSA) and heat
shock isolation (Biotechnology grade. Amresco Inc., Framingham, MA, USA) were used in
preparation of the blood serum model.

2.5. Methods
2.5.1. Collection of Laboratory Mouse Brain Tissue Sample

The mouse was humanely sacrificed by severing the brainstem under anesthesia.
Anesthesia was induced with propofol; then, the mouse was placed in a chamber where
the inhalation of anesthesia with sevoflurane was performed [69]. Under sterile conditions,
a linear incision of soft tissues in the projection of the sagittal suture was made. The
parietal, frontal and occipital bones were skeletonized, and a craniotomy was made using a
diamond bur. Then, the brainstem was transected with a scalpel, a frontal slice of the right
hemisphere of the brain was taken in the parietal lobe area, and the brain tissue material
was placed in a container filled with saline.

The animals (weighing 250–300 g) were purchased in an animal nursery “Rappolovo”
RAMN (St. Petersburg, Russia). All animals were bred and kept under specific pathogen-
free conditions in accordance with the guidelines of the Federation of European Laboratory
Science Association (FELASA). All animal experiments have been approved by the Ethics
Committee of the Almazov National Medical Research Centre of the Ministry of Health of
the Russian Federation (Protocol number 05112019 dated 11 November 2019) and were in
accordance with institutional guidelines for the welfare of animals.

2.5.2. Application of Magnetic Field in the Microfluidic System

The neodymium magnet (class N35; with a nickel protective coating) with a magnetic
field (MF) strength at the surface of 0.27 T (Figure 1a) and magnetic field gradient in the
near field of 0.04 T/mm (Figure 1b) was used, which, according to the literature data [70],
corresponds to the MF forces of magnets used in medicine. The form applied in the
experiments’ magnetic field strength distribution, i.e., the relationship of the magnetic field
strength versus distance along the chip channel from the magnet, is illustrated in Figure 1b,
and the arrangement of the magnet at the top of the microchip compartment with the gel is
presented in Figure 1c.
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(a) (b) (c) 

Figure 1. Geometry of Nd-Fe-B magnet of 30 mm × 10 mm × 4 mm size strength of magnetic
field (MF) at the surface value of 0.27 T (a); MF gradient versus sample length of ~0.04 T/mm
(b); positioning of magnet at the chip with gel and suspension of nanoparticles compartment (c);
1—neodymium magnet, 2—agar gel, R = 5 mm, h = 0.3 mm, 3—aqueous suspension of MNPs.

3. Results

3.1. Features of Manufacturing Microfluidic Systems

The channels of microfluidic systems (MFS) were prepared by laser ablation. Their
quality depends on the velocity of the laser head movement and the laser power. As
presented in Figure 2a, the velocity of 10 mm/s gives better results, as regards the quality
of the cut edge, than the ablation at 15 mm/s (Figure 2b). In the second case, the wall of the
channel is ribbing, and the border has ridges and sagging, which scatter light.

  
(a) (b) 

Figure 2. Microscopic image of channels 150 μm wide and 300 μm deeply fabricated using the laser
ablation technique at different laser head speed values: 10 mm/s (a) and 15 mm/s (b).

The power of the laser beam in both cases was 8 W. At lower power, it was not possible
to achieve a through-cut ablation in the material 0.3 mm thick, while at higher speed, the
cracking of PMMA was observed along the edges due to the occurrence of mechanical
stresses around high-temperature gradients in polymer material.

The assembly of the multilayer polymer microfluidic systems was performed via
thermocompression bonding of the thermoplastic polymers, including PMMA, PET, PE
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and PP (Table 1). The thermocompression technique makes it possible not only to seal
the layers of the sandwich-like system but also to form certain 3D elements, such as inlet
basins, lenses etc. within the same technological cycle [71–73]. In this work, two types of
three-layer polymer assemblies of microfluidic systems have been developed: (1) PMMA-
PET-PMMA with capillaries for analyzing nanoparticles in liquid media made from the
0.3 mm thick PET functional layer (Figure 3a,b), and (2) PMMA-PMMA-PET with basins
for gels (Figure 3c,d). Sealing of the second type of microfluidic systems was carried out
using a transparent PET film 140 μm thick with a deposited glue layer.

  
(a) (b) 

 
(c) (d) 

Figure 3. Photographs of cross-sections of microfluidic chips. (a)—a schematic of type assembly
and (b) photographs of MFS-1, where 1—base layer, 2—microfluidic layer, 3—casing layer, 4—inlet,
5—microfluidic channel and MFS-2 (c,d) for MNP analysis in liquid media; (c)—a schematic of
type assembly and photograph (d) of MFS-2 for tissue-on-a-chip type studies, where 6—base layer,
7—layer for tissue sample, 8—casing layer, 9—tissue sample cell, 10—inlet.

3.2. Features of Magnetic Nanoparticles Migrating in Aqueous Media Patterns

Two types of MNPs were investigated: (1) magnetite (Fe3O4) nanoparticles without a
shell, mMNPs, aqueous suspension of 2 mg/mL concentration and (2) MNPs of iron oxide
(Fe3O4) in carboxymethyl-dextran shell, CD-SPIONs, aqueous suspension of 2.2–4 mg/mL
concentration (Table 2).

Table 2. Samples of magnetic nanoparticles: mMNPs and CD-SPIONs.

Sample Name Particle Size, nm Particle Concentration, mg/mL

1 mMNP 46; 212 2
2 CD-SPION-1 95 ± 3 2.2–4.0
3 CD-SPION-2 220 ± 10 2.2–4.0
4 CD-SPION-3 350 ± 15 2.2–4.0
5 CD-SPION-4 820 ± 200 2.2–4.0

The hydrodynamic radii (RH) of fractions of mMNPs in the sample were estimated by
the laser light scattering using a Photocor Mini (Photocor LLC, Moscow, Russia) as 23 nm
and 106 nm, (Figure 4). The concentration of MNPs in suspension is 2 mg/mL.
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The experiments on the mobility of the mMNPs in aqueous suspension in capillaries
demonstrated intensive agglomeration phenomena, which was also observed earlier else-
where [40,54,55]. Figure 5a,b show parallel flows of a suspension of mMNPs and aqueous
medium in MFS-1 at the initial time (Figure 5a) and 5 min after the start of the experiment
(Figure 5b), when the formation of agglomerates of an approximate size range of 0.5–2.0 μm
was observed within several minutes. When BSA solution of 7% w/v was used as the
suspension medium, agglomeration was accelerated. Further development of the process
led to the formation of agglomerates and appearance of laminar vortices (Figure 5c). After
some time of exposition to a static magnetic field (MF) gradient of 40 T/m, the formation of
spatial grid-like structures of the type shown in Figure 5d were observed. These intensive
agglomeration effects obviously make it impossible to study the diffusion of this type of
MNPs and use them as delivery particles in organisms.

Figure 4. Size distribution of mMNPs obtained by dynamic light scattering technique.

CD-SPIONs were synthesized by the microemulsion method at Institute of Cytology
RAS as described earlier [23–26] and more specifically by coprecipitation from Fe2+ and
Fe3+ salt solutions (pH = 10, t = 80 ◦C) and stabilization by a cross-linked dextran coating.
The hydrodynamic size and zeta potential of CD-SPIONs were assessed by dynamic
light scattering (DLS) using a Zetasizer Nano (Malvern Instruments, Malvern, UK). The
concentration of iron in the nanosuspension was determined by the thiocyanate method as
0.2% w/v [6].

DLS results for the sizes of CD-SPIONs are shown in Figure 6a. The investigated
nanoparticles were sufficiently monodisperse in size with the main distribution peak
corresponding to the expected nanocluster diameter. The major peak for the surface charge
of all samples was approximately 0 mV, since non-functionalized dextran lack charged sites
(Figure 6b). Lower monodispersity, especially for the 820 nm sample, can be explained by
the uneven polymer distribution on the surface of the Fe core. TEM images of CD-SPIONs
of different sizes are given in the Supplementary Materials.

The resulting suspensions have a high [Fe3+, Fe2+] concentration of ~4 mg/mL and
contain superparamagnetic (as was evident from their susceptibility for external magnetic
field) particles with dominating fractions of mean size 95 nm, 220 nm, 350 nm and 820 nm
(highly heterogeneous), as presented in Figure 6. The concentration of iron in the nanosus-
pensions was determined by the thiocyanate method as described in [6]. The CD-SPIONs
are described in Table 2.
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(a) (b) 

  
(c) (d) 

Figure 5. Peculiarities of microfluidic flow for mixture of magnetite nanoparticles (mMNPs) of 23 nm
and 106 nm size: (a) parallel flow at V = 1 mm/s of mMNPs aqueous suspension of 2 mg/mL
concentration (1), and water (2) in MFS-1 under MF gradient of 40 T/m in capillary channel 200 μm
wide (d) and 300 μm deep at an initial time (a); in 5 min, when considerable agglomeration (3) is
observed (b); in 10 min when laminar vortices of mMNP suspension are observed (c) and in 20 min
when the total grid of magnetic fibers (4) is observed (presented also accelerated image) (d).

 
(a) (b) 

Figure 6. Hydrodynamic diameter (a) and zeta-potential (b) distribution for CD-SPIONs of various
diameters (1—95 nm, 2—220 nm, 3—350 nm, 4—820 nm).

3.3. Study of Magnetically Controlled Migration of SPIONs in Porous Media Modeling
Life Tissues

The magnetic field makes it possible to deliver MNPs via blood vessels to the tumor
and concentrate MNPs near its surface. The localization of MNPs near the tumor surface
greatly simplifies the delivery of drugs into the affected tissues. The migration of MNPs
in tissues is a rather slow process, the rate of which depends on the parameters of the
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tissue, such as density and pore size, on the characteristics of MNPs, their size, shape, shell
type, magnetic moment of MNPs and on the strength of the magnetic field (MF) [71]. In
this work, the migration of CD-SPIONs of different sizes in the porous media of agar gel
samples of various pore sizes was studied.

Three types of agar gel were selected as defined by the concentration of the dry agar:
0.5 w/v%, 0.4 w/v% and 0,25 w/v%, which corresponds to the pore sizes of 100–150 nm
(G1), 200–300 nm (G2), and 350–400 nm (G3) [72,73]. In the agar gels G1 and G2 with
the mean pore sizes of 100–150 nm and 200–300 nm, correspondingly, no migration of
CD-SPIONs of the sizes 95 nm, 220 nm, 350 nm and 820 nm was observed. The cross-section
of the experimental chip is presented in Figure 7.

 

(a) (b) 

Figure 7. Experimental setup of microchamber (a) for magnetically controlled migration study and
the position of the magnet above the sample (b): 1—base, prepared of PMMA layer, 1 mm thick;
2—layer with microfluidic system profile, PMMA, 1 mm thick; 3—PP layer, 0.3 mm thick; 4—inlet
for CD-SPION suspension; 5—outlet of CD-SPIONs suspension; 6—neodymium magnet. A—MNP
suspension zone, B—interface zone, slope of gel massive, C—zone accessible for CD-SPIONs, D—gel.

In the gel G3, the following patterns were detected (Figure 8).
The relationships of magnetically controlled transport of CD-SPIONs in agar gel

versus time are presented in Figure 9.
The migration characteristics of CD-SPIONs in brain tissue were studied using par-

ticles of 350, 220 and 95 nm hydrodynamic size. The schematic of zones monitoring are
presented in Figure 10a–e. The brain tissue was sliced and placed into the large basin
of MFS-3 with adjustment of the sample height with the depth of the basin. The CD-
SPIONs suspension was delivered into the microfluidic channel and small basin as shown
in Figure 10c. The pattern developed under the action of the magnetic field was observed
via a microscope. The CD-SPIONs of 350 nm mean diameter on the tissue were displaced
under the Lorentz force for 2 min (Figure 10e,f).

The experiments were completed for the particles of the 220 nm and 95 nm hydrody-
namic size. The results are presented in Figure 11.
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(a) 

 
(b) 

 
( ) 

Figure 8. Magnetically controlled fronts of CD-SPIONs (r = 95 nm (a), 220 nm (b), 350 nm (c)) in agar
gel of 350–400 nm mean pore size, under 40 T/m gradient of MF in microfluidic chip.
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Figure 9. Relationships of magnetically driven displacement of CD-SPIONs of differing size versus
time in agar porous medium with the mean pore size of 350–400 nm.

 

                           (a)            (b)           (c)            (d)             (e) 

     

(f) 

Figure 10. The experimental setup for CD-SPIONs transport in rat brain. (a) Geometry of the
microfluidic system; (b) sample of the rat brain shown in blue; (c) CD-SPIONs suspension shown
in brown; (d) application of magnetic field and migration of CD-SPIONs; (e) displacement of the
brain tissue; (f) photographs of the stages (c–e) with CD-SPIONs of 350 nm size. 1—neodymium
magnet, 2—basin for brain tissue, 3—basin and channel for CD-SPIONs suspension, 4—aperture
of observation in the microscope marked with red line, 5—border of the displaced tissue with CD-
SPIONs suspension underneath, 6—flow of remaining CD-SPIONs moving in MF, as in (e), 7—part
of basin for tissue after (4).
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(a) 

 
(b) 

Figure 11. Magnetic transport of CD-SPIONs of the hydrodynamic size 220 nm (a) and 95 nm (b).
Time of the pictures capture was shown below each photograph. In (b), the left image shows the
brain sample border.

Figure 11a demonstrates that CD-SPIONs of the size 220 nm could not penetrate
rat brain tissue, and at the same time, they are not capable of compressing the tissue.
Figure 11a shows the initial stage of the experiment, when the CD-SPIONs suspension is
filling compartment 3, while migrating in the magnetic field, positioned vertically in the
picture. Phase (b) demonstrates the microchip in a 24 min period, when all the particles
moved through the vasculature and slit along the walls of the basin, while the tissue
remained intact. The conclusion was checked by the buffer purging the basin after the
experiment when all the suspension was washed away.

The experiments with particles of 95 nm hydrodynamic size demonstrated similar
patterns. Thus, Figure 11b shows the initial stage, when the CD-SPIONs sample was
concentrated near the “tissue–solvent” interface, and the next frame shows the CD-SPIONs
penetrating vasculature and the slits between the tissue and the casing.

4. Discussion

The study of the transport behavior of MNPs in porous media, including polymer
gel (agar) of various mean pore size, as well the live brain tissue, makes it possible to
evaluate the character of localization of nanoparticles under the action of a magnetic
field. A significant increase in the concentration of MNPs near the surface of the tissue
was observed: in several minutes, the concentration of CD-SPIONs increased by 5 to
10 times, depending on the particle size. Moreover, the active movement of CD-SPIONS
was observed immediately after the MF was turned on. At the same time, the penetration
of CD-SPIONs of hydrodynamic size down to 95 nm into the brain tissue was not observed.
The SPIONs suspension penetrates the tissue via the vascular network and the slits near
the walls of the microsystem. This means that the lower size particles are needed, which
are at a higher price and less available. In this respect, the bacterial magnetosomes could
be of interest; however, such materials are also not easily available.

At the same time, as regards the use of low cost and easily available CD-SPIONs,
they could be of good use in express diagnostics systems (oncotheranostics) comprising
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hybrid materials, including polymer gels that are accessible for MNPs and captured cancer
cells [39], as presented in Figure 12. In this case, the express testing of the fixed cells
could be made by the targeted delivery of MNPs loaded with selected medications in the
tumor-on-a-chip format microfluidic systems [41].

  
(a) (b) 

Figure 12. Oncotheranostic system, containing polymer gel of specific pore size (blue lines), fixing
the cancer cells and infiltrated with suspension of MNPs (a) carrying the selected anticancer drug (b).

Another direction of MNPs target delivery development approaches is the angiogene-
sis methods, which will enable delivering drugs using larger size MNPs, which are more
available, less expensive and more susceptible to magnetic guidance.

Microfluidic systems developed for modeling tumor tissues (tumor-on-a-chip) are an
important tool for studying the transport characteristics of nanoparticles. These systems
allow simulating physiological conditions in tumor tissues and vessels, which is especially
important when testing new methods for drug delivery. In this paper, we describe systems
based on polymer sandwich structures allowing the control and study of nanoparticles
transport in capillary channels simulating the vascular system. The experimental results
showed that when using a magnetic field, it is possible to achieve the significant localization
of nanoparticles on the surface of tumor tissues, which facilitates their delivery to target
cells. However, it should be noted that in real tumor tissues, the vascular system differs
from normal tissues in its increased permeability, which requires careful calibration of the
magnetic field strength and nanoparticle sizes.

To model tissues in the experiments, porous media based on agar gels with differ-
ent mean pore sizes were used. These models allow the tissue characteristics such as
density and porosity to be reproduced, which makes it possible to evaluate the transport
characteristics of nanoparticles. In addition, such environments are easily integrated into
microfluidic systems, which allows us to create complex research systems on a chip with
their help.

Based on the obtained data on the transport of MNPs in tumor tissues, several promis-
ing areas for future research can be identified. These areas may focus on improving
nanoparticle delivery methods, the in-depth study of biological interactions, and the opti-
mization of microfluidic systems for oncotheranostics and other biomedical applications.
Further improvement of such systems is necessary to more accurately model the tumor
microenvironment, including the mechanical properties of tumor tissues, nutrient and
oxygen concentration gradients, and imitation of dynamic interactions between tumor cells
and healthy tissues. The creation of tumor-on-a-chip systems accurately mimicking the
characteristics of individual patient tumors is the subject of research by many scientific
groups and laboratories around the world. This may lead to significant progress in person-
alized medicine, providing the ability to select optimal dosages and combinations of drugs
individually for a patient.

The microfluidic systems presented in this paper have several key advantages, making
them a unique tool for research in the field of targeted delivery of nanoparticles. Firstly,
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they imitate the physiological conditions of tissues and vascular structures, which ensures
reliable modeling of the processes of migration and accumulation of nanoparticles. Sec-
ondly, due to the use of porous media with an adjustable pore size, these systems allow
varying experimental parameters and adapting them to different types of tissues. Finally,
the technology of manufacturing microfluidic chips based on thermal compression and
laser ablation ensures high accuracy and reproducibility at a relatively low cost, which
makes them available for a wide range of studies. These advantages distinguish the systems
presented from analogs and open new prospects for research in the field of nanomedicine
and oncotheranostics.

5. Conclusions

The use of magnetic nanoparticles for the targeted delivery of drugs to tumor tissues
is one of the promising areas in oncotheranostics. To achieve the advantages of this
technique, it is important to precisely control the movement of nanoparticles using an
external magnetic field, which allows them to be directed to specific areas of the tumor.
Microfluidic systems developed for modeling tumor tissues (tumor-on-a-chip) are the
perspective tool for studying the transport characteristics of magnetic nanoparticles.

In this work, models of tissues were prepared using planar sandwich-type polymer
chips with basins into which polymer gels of various mean pore size and brain tissue of
laboratory rats were deposited.

Two types of magnetic nanoparticles were prepared: magnetite nanoparticles (mM-
NPs) and carboxymethyl dextran coated SPIONS (CD-SPIONs).

Studies of the flow of an aqueous suspension of mMNPs in a capillary in the form of
parallel flows with water showed a rapid agglomeration of mMNPs into microparticles
within 10 min, then into large spatial structures causing the formation of laminar vortices
within 20 min with subsequent destruction of the flow and, finally, the formation of a
network covering all particles in the channel and consisting of magnetic fibers.

Studies of the magnetically driven migration of CD-SPIONs were carried out in poly-
mer gel and brain tissue media. In polymer agar gels with mean pore sizes of 100–150 nm
and 200–300 nm, no migration of CD-SPIONs was observed. In the gel with mean pore
size of 350–400 nm, CD-SPIONs of 95–350 nm range were migrating in the field gradient of
40 T/m with differing velocities of 33, 16 and 5 μm/min correspondingly. No compression
of the gel was observed.

CD-SPIONs of 350 nm size did not penetrate the brain tissue and compressed it at a
speed of 100 μm/min. Particles of 220 nm were also compressing the brain tissue, but at a
considerably lower rate, and particles of 95 nm were partially penetrating the edge of the
tissue and did not compress it.

The agarose gels of sufficiently large mean pore size could be used in the tumor-on-
a-chip format as a scaffold for tumor cells to which magnetic particles loaded with drugs
could be operatively delivered in magnetic field for testing.

Further research could be aimed at improving the properties of nanoparticles to
enhance their invasion into dense biological tissues as well as creating more complex
tumor-on-a-chip models that consider not only the structural but also the biochemical
properties of real tumors, making them more personalized.
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Abstract: Metal nanoparticles have been tested for therapeutic and imaging applications in pre-
clinical models of cancer, but fears of toxicity have limited their translation. An emerging concept in
nanomedicine is to exploit the inherent drug-like properties of unmodified nanomaterials for cancer
therapy. To be useful clinically, there must be a window between the toxicity of the nanomaterial
to cancer and toxicity to normal cells. This necessitates identification of specific vulnerabilities in
cancers that can be targeted using nanomaterials without inducing off-target toxicity. Previous
studies point to proteotoxic stress as a driver of silver nanoparticle (AgNPs) toxicity. Two key
cell stress responses involved in mitigating proteotoxicity are the heat shock response (HSR) and
the integrated stress response (ISR). Here, we examine the role that these stress responses play in
AgNP-induced cytotoxicity in triple-negative breast cancer (TNBC) and immortalized mammary
epithelial cells. Furthermore, we investigate HSR and ISR inhibitors as potential drug partners to
increase the anti-cancer efficacy of AgNPs without increasing off-target toxicity. We showed that
AgNPs did not strongly induce the HSR at a transcriptional level, but instead decreased expression
of heat shock proteins (HSPs) at the protein level, possibly due to degradation in AgNP-treated
TNBC cells. We further showed that the HSR inhibitor, KRIBB11, synergized with AgNPs in TNBC
cells, but also increased off-target toxicity in immortalized mammary epithelial cells. In contrast,
we found that salubrinal, a drug that can sustain pro-death ISR signaling, enhanced AgNP-induced
cell death in TNBC cells without increasing toxicity in immortalized mammary epithelial cells.
Subsequent co-culture studies demonstrated that AgNPs in combination with salubrinal selectively
eliminated TNBCs without affecting immortalized mammary epithelial cells grown in the same well.
Our findings provide additional support for proteotoxic stress as a mechanism by which AgNPs
selectively kill TNBCs and will help guide future efforts to identify drug partners that would be
beneficial for use with AgNPs for cancer therapy.

Keywords: nanotoxicity; heat shock; proteotoxicity; integrated stress response; cancer therapy

1. Introduction

Proteotoxicity is a condition caused by the accumulation of misfolded and aggregated
proteins in the cell and can lead to cell death if stress conditions are prolonged or unmiti-
gated [1]. To alleviate proteotoxic stress, misfolded proteins are sequestered and delivered
to proteasomes, lysosomes, and autophagosomes to be degraded [2]. Some cancer types
exhibit high baseline levels of proteotoxic stress compared to non-cancer cells, and this
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may be an exploitable weakness [3]. For example, studies by Gupta et al. revealed that a
subset of triple-negative breast cancer cells (TNBC) are vulnerable to small-molecule drugs,
including tunicamycin and thapsigargin, which increased the accumulation of misfolded
proteins [4,5]. These TNBCs are sensitive because they synthesized and secreted large
amounts of extracellular matrix proteins, generating an enormous burden on the protein
quality-control machinery. However, tunicamycin and thapsigargin have thus far failed to
be effective clinically due to dose-limiting toxicities [6,7].

Nanotechnology offers the possibility to increase the efficacy and reduce off-target
toxicity of small-molecule drugs used as proteotoxic stress inducers [8], but difficulty
with formulation, characterization, and scale-up have hampered most efforts to translate
drug-carrying nanoparticles for cancer therapy in humans [9]. The core technologies of
clinically approved nanotherapeutics remain largely unchanged since the development
of Doxil® [10]. Nanoparticles made of metals, including gold, silver, iron, and gadolin-
ium, have been tested for therapeutic and imaging applications in pre-clinical models of
cancer [11], but fears of toxicity have limited their translation. An emerging concept in
nanomedicine is exploiting the inherent drug-like and cytotoxic properties of unmodified,
metal nanomaterials for cancer therapy [12–16]. To be useful clinically, there must be a
window between the toxicity of the nanomaterial to cancer and toxicity to normal cells.
This necessitates identification of specific vulnerabilities in cancers that can be targeted
using nanomaterials without inducing off-target toxicity. For example, TNBC cells, but
not immortalized mammary epithelial cells, are sensitive to silver-nanoparticle (AgNP)-
induced proteotoxic stress, as indicated by accumulation of protein aggregates, increased
protein oxidation, and activation of proteotoxic stress-signaling responses [17–22]. Use of
AgNPs (or other nanometals) themselves as the therapeutic agent simplifies formulation,
characterization, and scale-up compared to conventional drug-loaded nanoparticles [23].
We hypothesize that the therapeutic efficacy of AgNPs could potentially be enhanced
by co-delivery of drugs that modulate the proteotoxic stress response, but care must be
taken to examine toxicities of therapeutics that will be administered together to ensure that
off-target toxicity profiles are not increased.

The heat shock response (HSR) plays a key role in mitigating proteotoxicity. Heat
shock proteins (HSPs) are a family of cytosolic, nuclear, and membrane-bound proteins
that function as chaperones by assisting in protein folding, localization, and transport [24].
Activity of HSPs enables cells to endure proteotoxicity induced by stresses, such as heat,
oxidative stress, nutrient deprivation, and impaired protein degradation machinery. HSPs
include stress-inducible heat shock protein 70 (HSP70) and heat shock protein 27 (HSP27),
as well as the ubiquitously expressed heat shock protein 90 (HSP90) [25]. Under normal
conditions, heat shock factor 1 (HSF1), known as the ‘master heat shock regulator’, is
present as an inactive monomer bound to HSP90 or HSP70 in the cytosol of cells [25].
When misfolded proteins are abundant, HSF1 dissociates from HSP70 or HSP90, trimerizes,
autophosphorylates, and translocates to the nucleus [26]. HSF1 then binds heat shock ele-
ments (HSEs) on DNA to induce transcription of HSPs, which bind unfolded or misfolded
proteins and act as chaperones to repair damaged proteins, when possible, or sequester
damaged proteins to enable subsequent degradation [25]. When not bound to misfolded
proteins, HSPs regulate HSF1 activity and can inhibit HSF1 activation or induce HSF1
degradation through multiple feedback inhibitory loops [27–29]. HSPs are frequently
overexpressed in cancer, may promote malignant phenotypes, and HSR inhibitors have
been investigated as cancer therapeutics [30]. Inhibition of the HSR increases sensitivity to
proteotoxic stress, but the combination of AgNPs and HSR inhibitors has not been tested.

A second mechanism cells use to mitigate proteotoxicity is the integrated stress
response (ISR). The ISR is initiated by stress-sensing kinases: double-stranded RNA-
dependent protein kinase (PKR), PKR-like ER kinase (PERK), heme-regulated eIF2α kinase
(HRI), and general control non-de-repressible 2 (GCN2) [31]. Each is activated by different
types of stress, but all similarly initiate the ISR through phosphorylation of the alpha
subunit of eukaryotic translation initiation factor 2 (eIF2α) on serine 51. Phosphorylation
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of eIF2α causes a decrease in global mRNA translation to reduce the protein synthesis
burden, and simultaneously activates an alternative transcriptional program needed to
boost protein folding and degradative capacity. Paradoxically, prolonged phosphoryla-
tion of eIF2α increases expression of C/EBP Homologous Protein (CHOP), which drives
pro-apoptotic pathways. We and others observed phosphorylation of eIF2α in response
to AgNPs in TNBC cells, but not in normal breast cells [17,20,22]. Because sustained ISR
signaling initiates cell death programs [2,31], cells activate a signaling feedback that in-
creases expression of Growth Arrest and DNA-damaged protein 34 (GADD34) and the
serine/threonine protein phosphatase 1, which form a complex (GADD34:PP1) that de-
phosphorylates eIF2α to restore normal transcriptional programs [31]. Salubrinal is a drug
that inhibits the phosphatase activity of the GADD34:PP1 complex, thereby sustaining ISR
signaling. Because the ISR can produce both protective and lethal effects, use of salubrinal
on cells under proteotoxic stress has the potential to be either protective or to increase cell
death [32–35]. It is not known if salubrinal will protect against or enhance AgNP-induced
cell death.

Here, we examine two types of proteotoxic stress responses, the HSR and the ISR,
following AgNP exposure in TNBC and immortalized mammary epithelial cells. Further-
more, we employ drugs that modulate the HSR or ISR to identify potential pharmacologic
partners that could increase the toxicity of AgNPs in TNBC without increasing toxicity in
normal cells.

2. Materials and Methods

Silver nanoparticles: Here, 25 nm spherical AgNPs stabilized with polyvinylpyrrolidone
(PVP) were purchased as dried powders from nanoComposix, Inc. (San Diego, CA, USA).
The manufacturer specified a mass ratio of 17% Ag to 83% PVP for the nanoparticles.
Nanoparticles were dispersed by bath sonication in phosphate-buffered saline (PBS), pH 7.4,
without calcium or magnesium (Invitrogen, Carlsbad, CA, USA), at a concentration of
5 mg/mL based upon the mass of silver contained in the nanoparticles (i.e., excluding PVP),
and were then diluted in cell culture medium to the final concentration listed in the figures
prior to addition to wells containing cells. The physicochemical properties of this material
were characterized previously [36]. Briefly, characteristics of the prepared stock of AgNPs
were as follows: hydrodynamic diameter in PBS at pH 7.4: 36.5 ± 0.7 nm; ζ-potential in
PBS at pH 7.4: −15.5 ± 1.6 mV; plasmon resonance peak in PBS at pH 7.4: 402 nm; soluble
silver (Ag+) present in the AgNP suspension: less than 0.001% Ag+ by mass.

Cell culture: BT549, MDA-MB-231, and MCF-10A cells were purchased from the ATCC
(Manassas, VA, USA). SUM159 cells were purchased from Asterand (now BioIVT, Westbury,
NY, USA). iMEC cells were provided by Dr. Elizabeth Alli in the Department of Cancer
Biology at Wake Forest University School of Medicine. Cell lines were expanded, and
low-passage stocks were stored in liquid nitrogen and maintained by the Wake Forest
Comprehensive Cancer Center Cell Engineering Shared Resource. Growth media for
these cell lines are listed in Table 1. Cells were verified to be free from mycoplasma
contamination by routine testing using the MycoAlert Mycoplasma Detection Kit (Lonza,
Basel, Switzerland). Cells were passaged, and the medium was changed twice weekly. Cell
monolayers were grown on tissue-culture-treated plastics purchased from Corning Life
Sciences (Corning, NY, USA). Cells were maintained in culture for no longer than 4 months
before new cultures were established from low-passage frozen stocks.

MTT assay: Cells were seeded on 96-well plates at a density of 5000 cells per well in
100 μL of complete media, recovered for 24 h, and then were exposed to combinations of
AgNPs, KRIBB11 (Selleck Chemicals, Houston TX, USA), or salubrinal (MedChemExpress,
Monmouth Junction, NJ, USA) in 100 μL of complete media containing doses of each drug,
as listed in the figures. After 72 h, media containing treatments were replaced with 200 μL
of media containing 0.5 mg/mL of 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA) and incubated for 1 h at 37 ◦C. After
that, media were removed, cells were lysed in 200 μL of dimethyl sulfoxide (Thermo Fisher

126



Nanomaterials 2024, 14, 1564

Scientific, Pittsburgh, PA, USA), and absorbance was read using a Molecular Devices Emax
Precision Microplate Reader (San Jose, CA, USA) at 560 nm. Absorbance measurements
at 650 nm were subtracted from each reading to correct for any inconsistencies in optical
properties between wells.

Table 1. Complete media formulations for cell culture.

Cell Line Media Formulation

SUM-159
HAM’s F12 supplemented with penicillin (250 units/mL), streptomycin

(250 μg/mL), 2 mM L-glutamine, 5 μg/mL insulin, 1 μg/mL hydrocortisone,
10 μM HEPES, and 5% fetal bovine serum

BT-549 RPMI supplemented with penicillin (250 units/mL), streptomycin
(250 μg/mL), and 10% fetal bovine serum

MDA-MB-231 DMEM/F12 supplemented with penicillin (250 units/mL), streptomycin
(250 μg/mL), 2 mmol/L L-glutamine, and 10% fetal bovine serum

MCF-10A

DMEM/F12 supplemented with penicillin (250 units/mL), streptomycin
(250 μg/mL), 2 mM L-glutamine, 10 μg/mL insulin, 20 ng/mL EGF,

0.5 μg/mL hydrocortisone, 100 ng/mL cholera toxin, and 5% heat-inactivated
horse serum

iMEC DMEM/F12 supplemented with 10 μg/mL insulin, 20 ng/mL hEGF,
0.5 μg/mL hydrocortisone, and 10% fetal bovine serum

Western Blotting: Cells were plated on 6 cm dishes at a density of 1,000,000 cells in
4 mL of complete media. Cells were allowed to recover for 48 h and then were exposed
to AgNPs with or without salubrinal for 24 h at 37 ◦C. Medium was removed and cells
were washed twice with ice-cold phosphate-buffered saline before lysis using Mammalian
Protein Extraction Reagent supplemented with Halt Protease and Phosphatase Inhibitor
Cocktail (both from Thermo Fisher Scientific). The protein concentration was determined
for each sample using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific), according to the manufacturer’s instructions. Proteins were size fractionated
by gel electrophoresis and then transferred to a nitrocellulose membrane (Thermo Fisher
Scientific). Non-specific binding was blocked by incubation for 30 min at room temperature
with tris-buffered saline containing 0.1% Tween-20 (TBS-T; Bio-Rad) and either 5% blotting-
grade blocker (Bio-Rad) or 5% bovine serum albumin (BSA; Sigma-Aldrich). Membranes
were incubated overnight at 4 ◦C in dilutions containing TBS-T and either 5% blotting-grade
blocker or 5% BSA and primary antibody. Primary antibodies used included the follow-
ing: phospho(Ser51)-eIF2α (9721), eIF2α (5324), CHOP (2895), caspase-3 (9662), caspase-7
(9492), caspase-9 (9502), HSF1 (4356), HSP90 (4874), HSP70 (4876), phospho(Ser78)-HSP27
(2405), HSP27 (2402), GAPDH (2118), and β-actin (4970), purchased from Cell Signal-
ing Technologies (Danvers, MA, USA), and phospho(Ser326)-HSF1 (ab76076) purchased
from Abcam (Waltham, MA, USA). Membranes were washed and then incubated for 1 h
at room temperature with anti-rabbit (Cell Signaling Technologies) or anti-mouse (Cell
Signaling Technologies) horseradish peroxidase (HRP)-conjugated secondary antibodies
diluted in 5% blotting-grade blocker in TBS-T. Immunoreactive products were visualized
by chemiluminescence using SuperSignal Pico West reagent (Thermo Fisher Scientific).

Heat shock reporter assay: Cells were seeded on 24-well plates at a density of 100,000 cells
per well in 1 mL media and allowed to recover for 2 days. Medium was replaced with 1 mL
of fresh medium without penicillin or streptomycin. pGL4.41(luc/HSE/hygro) (Promega,
Madison, WI, USA) was mixed with optiMEM (Thermo Fisher Scientific) and Xtreme
Gene 9 (Sigma Aldrich) at a ratio of 33:3:1 (media (vol.):lipid (vol.):DNA (mass)). After
15 min, 0.2 μg DNA complexed to Xtreme Gene 9 was added to each well. After 24 h, cells
were treated with AgNPs, then exposed to heat shock (43 ◦C) or physiologic temperature
(37 ◦C) by incubation for 1 h in medium warmed to the respective temperature. After
recovery for 3 h at 37 ◦C, luciferase activity was assessed using a commercial assay kit
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(Promega Luciferase Assay System), as per the manufacturer’s instructions. Briefly, cells
were harvested in reporter lysis buffer and centrifuged for 5 min at 4 ◦C at 15,000 RPM
in a microcentrifuge. Lysates were transferred to a white 96-well plate (Greiner Bio-
One, Monroe, NC, USA), luciferin was added, and luminescence was evaluated using a
FLUOstar Optima plate reader (BMG Labtech, Cary, NC, USA). Total protein in lysates
was estimated using the Pierce BCA protein assay kit (Thermo Fisher Scientific), as per
the manufacturer’s instructions. Luminescence in each well was normalized based on the
protein concentration.

Co-culture and flow cytometry: BT549 cells expressing mCherry (BT549mCherry) and iMEC
cells expressing GFP (iMECGFP) were produced by lentiviral transduction using concentrated
lentivirus vectors produced by the Cell Engineering Shared Resource at Atrium Health Wake
Forest Baptist Comprehensive Cancer Center. Briefly, pLenti-CMV-GFP-Puro-LV (a gift from
Eric Campeau and Paul Kaufman; Addgene plasmid #17448; http://n2t.net/addgene:17448;
RRID:Addgene_17448) [37] or pCDH-CMV-mCherry-T2A-Puro-LV (a gift from Kazuhiro
Oka; Addgene plasmid #72264; http://n2t.net/addgene:72264; RRID:Addgene_72264)
were co-transfected into HEK293T cells (ATCC) with plasmids from the pPACKH1 HIV
Lentivector Packaging Kit (Systems Biosciences, Palo Alto, CA, USA), according to the
manufacturer’s instructions. Viral supernatants were concentrated using the Lenti-X Con-
centrator Kit (Takara Biosciences USA, San Jose, CA, USA) according to the manufacturer’s
instructions. Infectious lentivirus titers were determined in HEK293T cells, and cell lines
were transduced at a multiplicity of infection of 10 and selected for 2 weeks in puromycin.
For co-culture studies, cells were plated in 6-well plates at a density of 100,000 BT549mCherry

and 100,000 iMECGFP cells per well in 4 mL of complete iMEC media and allowed to adhere
overnight. The next day, cells were treated with a range of AgNP doses with or without
salubrinal. Medium was changed 3 days after treatments, and cells were grown in the
absence of AgNPs or salubrinal drugs for 5 days. Cells were trypsinized, washed, diluted
to a concentration of 106 cells per mL in PBS, and fixed in paraformaldehyde (1% final
concentration). The percentage of mCherry (excitation: 561, emission: 610/20) and GFP
(excitation: 488, emission: 530/30) expressing cells was quantified by flow cytometry using
an LSRFortessa X-20 (BD Biosciences, San Jose, CA, USA), and data were analyzed using
BD FACSDiva V6.0 software.

Statistical Analysis: Analysis was performed as described in the figure legends using
Prism 9.1.3 software (GraphPad, San Diego, CA, USA). The number of technical and
biological replicates for each experiment is included in the figure legends. Synergy was
examined using the Chou–Talalay method [38]. Isobolograms at the 50% fraction affected
dose (Fa = 0.5) were plotted using Excel.

3. Results

AgNPs do not strongly induce a protective HSR and decrease HSPs in TNBC cells to a greater
degree than in mammary epithelial cells.

We verified our previous findings [17,22,36,39] of differences in the response of TNBCs
(BT549, MDA-MB-231, and SUM159) and immortalized mammary epithelial cells (iMEC
and MCF-10A) to AgNP-induced cytotoxicity. As shown in Figure 1A, the cytotoxic IC50
values of AgNPs were 5–10-fold less for TNBCs compared to immortalized mammary
epithelial cells. We next investigated the effect AgNPs had on the heat shock response.
Cells were treated with doses of AgNPs approximating the mean IC50 (18.75 μg/mL), twice
the IC50 (37.5 μg/mL), and four times the IC50 (75 μg/mL) for AgNPs in TNBC cells. We
noted dose-dependent decreases in phosphorylated (Serine 326) HSF1 and total HSP70
in both BT549 and MDA-MB-231 cells after AgNP exposure (Figure 1B). AgNP treatment
also increased HSP27 phosphorylation in BT549 and MDA-MB-231 cells but decreased
total HSP27 in BT549 cells. No change in pHSF1 was observed in AgNP-treated iMEC
or MCF10A cells, but HSP70 decreased at high doses. No changes in pHSP27 or total
HSP27 were seen in AgNP-treated iMEC or MCF10A cells. Neither HSP90 nor total HSF1
expression changed with AgNP treatment in any cell line.
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Figure 1. Low doses of AgNPs are more cytotoxic and modulate levels of heat shock proteins to a
greater degree in TNBC cells than in immortalized mammary epithelial cells. (A) The cytotoxic IC50

values calculated from triplicate 10-point dose–response curves following 72 h exposure of each cell
line to AgNPs are shown. Data points are in red for TNBC cell lines and in black for immortalized
mammary epithelial cells. IC50 values for MCF10A cells were in excess of the dose range of AgNPs
tested but were at least 200 μg/mL, as indicated in the figure. Statistical analysis was performed
by one-way ANOVA followed by the post hoc Tukey test. Significant differences in IC50 values are
indicated (**** p < 0.0001). (B) Heat shock protein expression was examined by Western blot 24 h
after cells were exposed to AgNPs. Results are representative of duplicate independent experiments.

These studies indicated that AgNPs decreased the levels of multiple proteins involved
in the HSR in TNBCs. In contrast, AgNPs had only modest effects on HSP expression
in immortalized mammary epithelial cells. To determine if the effects of AgNPs on the
heat shock response in TNBCs were caused at the transcriptional level, we transduced
BT549 cells with a plasmid vector containing four copies of a heat shock response element
(HSE), to which pHSF1 trimers bind and drive transcription of a luciferase reporter gene,
indicative of a heat shock response (Figure 2A). Then, 24 h after transduction, cells were
treated with AgNPs overnight, exposed to hyperthermic (43 ◦C) or physiologic temperature
(37 ◦C) conditions, and luciferase activity was quantified 3 h later, as shown schematically
in Figure 2B. The results of this experiment are shown in Figure 2C. AgNPs alone did not
significantly increase HSE-driven luciferase activity at any of the doses tested. Exposure
of cells to hyperthermia significantly increased luciferase activity, and this was reduced
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by co-treatment with KRIBB11, a selective inhibitor of HSF1, indicating that increased
luciferase activity was dependent upon HSF1. Luciferase activity in AgNP-treated BT549
cells that were subsequently exposed to hyperthermia was similar to that of cells that
were treated with hyperthermia alone. These data showed that AgNPs did not strongly
induce a heat shock response in BT549 cells but also did not inhibit the capacity of cells to
induce a heat shock response at a transcriptional level. Overall, our results suggest that
AgNPs did not induce a protective HSR in TNBC cells. Decreased expression of HSPs in
AgNP-treated cells is not due to transcriptional repression of the HSR and may be due to
increased turnover or degradation of HSPs at the protein level.

Figure 2. AgNP exposure does not induce a heat shock response at the transcriptional level or
inhibit the heat shock response to hyperthermia. (A) A schematic is shown of the plasmid vector
containing 4 copies of heat shock sequence elements (HSE), which drive transcription of a luciferase
reporter that was used for these studies. (B) A schematic is shown for the experimental design of
experiments to determine the impact of AgNPs on the transcriptional regulation of the heat shock
response. (C) Luciferase expression indicative of a pHSF1-driven heat shock response is shown for
cells treated as described in (B). Results are representative of at least four biological replicates per
condition and duplicate independent experiments. Statistical analysis was performed by two-way
ANOVA followed by the post hoc Tukey test. Significant differences are indicated (**** p < 0.0001,
*** p < 0.001, * p < 0.05).
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Heat shock inhibitors synergistically increase the cytotoxicity of AgNPs in both TNBC and
immortalized mammary epithelial cells.

Next, we asked if the combination of AgNPs and KRIBB11 resulted in a synergistic
interaction in treatment efficacy compared to the individual agents. To perform this
analysis, cells must be treated with fractions or multiples of a constant dose ratio of the two
agents fixed at a 1:1 ratio of IC50 for the individual agents, as required by the Chou–Talalay
method for drug combination analysis [38]. The IC50 for AgNPs for these two cell lines
was determined in Figure 1A, and we performed triplicate experiments using similar
approaches to determine the IC50 of KRIBB11 in BT549 and iMEC cells (Figure 3A). Based
upon these experiments, the concentration ratio needed to achieve a 1:1 ratio of the IC50 of
AgNP (μg/mL):KRIBB11 (μM) was defined for each cell line as 3.5:1 for BT549 cells or 4.15:1
for iMEC cells. We treated cells with the individual agents or the fixed ratio combination of
the two agents and plotted the survival curves for each treatment for BT549 (Figure 3B) and
iMEC cells (Figure 3C). To the right of the survival curves, we plotted the combination dose
of AgNPs and KRIBB11 that achieved a fraction affected (Fa) of 0.5 (indicating 50% loss
of cell viability), together with the predicted additive isobole for AgNPs combined with
KRIBB11. The data indicated that the combination of AgNPs and KRIBB11 was synergistic
because the point representing Fa = 0.5 for the concentrations of concurrently administered
AgNP and was below the additive isobole line connecting the IC50 of AgNPs and KRIBB11
used as single agents. We further calculated the combination index (CI) relative to Fa = 0.5.
CI < 1 denotes a synergistic interaction, CI > 1 represents antagonism, and CI = 1 represents
an additive interaction. The CIs for AgNPs combined with KRIBB11 for BT549 cells and
iMEC cells were 0.38 and 0.32, respectively, indicating synergistic dose enhancement in
both cases. This indicated that inhibition of the HSR can potentially increase both on- and
off-target toxicity of AgNPs.

Salubrinal potentiates AgNP toxicity in mesenchymal TNBC without affecting immortalized
mammary epithelial cells.

We wanted to know if inhibition of eIF2α dephosphorylation using salubrinal would
protect against or enhance AgNP-induced cell death. Initially, we performed studies to
determine the cytotoxic IC50 of salubrinal alone in TNBC cells (BT549 and SUM159) or
immortalized mammary epithelial cells (iMEC and MCF10A). Due to the limited solubility
of salubrinal in aqueous media, we were not able to treat cells at a high enough dose to
obtain an accurate cytotoxic IC50. Across the dose range tested, we observed no significant
differences in the cytotoxicity of salubrinal among the cell lines (Figure 4A). Because we
were unable to determine the cytotoxic IC50 of salubrinal, we could not perform synergy
analysis for the combination of salubrinal and AgNPs. Instead, we combined increasing
doses of AgNPs with fixed doses of salubrinal (5 or 10 μM) to determine if this combination
affected AgNP cytotoxicity. We found that fixed doses of salubrinal significantly increased
the cytotoxicity of AgNPs in BT549 and SUM159 cells but did not substantially increase
toxicity of AgNPs in iMEC or MCF10A cells (Figure 4B).

We investigated ISR and apoptosis signaling in BT549 cells treated with combinations
of AgNPs and salubrinal for 24 h. We observed increased phosphorylation of eIF2α in BT549
cells exposed to the combination of AgNPs and salubrinal compared to the individual
treatments (Figure 5). This is consistent with previous studies showing that salubrinal
prevents dephosphorylation of eIF2α, resulting in increased peIF2α when cells are exposed
to proteotoxic stressors [40]. Additionally, we found that the combination of salubrinal and
AgNPs induced increased expression of downstream effectors of peIF2α-induced cell death,
including pro-apoptosis protein CHOP and decreased expression of full-length caspase-3,
caspase-7, and caspase-9, which is indicative of caspase cleavage.
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Figure 3. KRIBB11, an HSF1 inhibitor, synergistically increases the cytotoxicity of AgNPs in both
TNBC and immortalized mammary epithelial cells. (A) The cytotoxic IC50 values calculated from
triplicate 10-point dose–response curves following 72 h exposure of each cell line to KRIBB11 are
shown. Statistical analysis was performed by Student’s t-test. A significant difference is shown
(* p < 0.05). (B) BT549 or (C) iMEC cells were treated with AgNPs, KRIBB11, or AgNPs + KRIBB11
for 72 h and viability was assessed by the MTT assay, as shown. Isobolograms were plotted showing
the expected additive effects of AgNPs and KRIBB11, and the dose of the combination that yielded
Fa = 0.5 is plotted for each cell line. Results are representative of at least four biological replicates per
treatment and two independent experiments per cell line.
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Figure 4. Salubrinal increases the cytotoxicity of AgNPs in TNBC but not in immortalized mammary
epithelial cells. (A) Cells were treated with increasing doses of salubrinal for 72 h, and viability was
assessed by the MTT assay. (B) Cells were treated with AgNPs with or without salubrinal for 72 h,
and viability was assessed by the MTT assay. Results are representative of at least four biological
replicates per condition and duplicate independent experiments. Statistical analysis was performed
by two-way ANOVA followed by the post hoc Tukey test. Significant differences are indicated
(**** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05).
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Figure 5. Salubrinal increases AgNP-induced ISR and apoptosis in TNBC cells. BT549 cells were
treated with combinations of AgNPs and salubrinal for 24 h, and ISR and apoptosis markers were
examined by Western blot. Results are representative of duplicate independent experiments.

These results implied that the combination of AgNPs and salubrinal could be effective
for eliminating TNBCs without damaging normal breast cells. To assess this directly, we
performed a co-culture experiment in which BT549 and iMEC cells were grown together
in a single well and treated with AgNPs, salubrinal, or a combination of the two. To
distinguish between cell types, BT549 cells were transduced using a lentivirus to express
mCherry, and iMEC cells were transduced to express eGFP. Cells were grown in co-culture
at a 1:1 ratio, as shown in Figure 6A. The cells were treated with AgNPs, salubrinal, or a
combination of AgNPs and salubrinal. The proportion of iMECGFP cells and BT549mCherry

cells that survived treatment was determined by flow cytometry, as shown in Figure 6B.
In agreement with data obtained from monoculture studies, AgNPs alone decreased the
percentage of BT549mCherry cells in the co-culture, resulting in a concomitant increase in the
percent of iMECGFP cells present. Salubrinal on its own had little effect, but the combination
of AgNPs and salubrinal almost completely eliminated BT549mCherry from the co-culture,
while preserving iMECGFP cells. Quantification of results from triplicate experiments
indicated that the surviving population was significantly depleted of BT549mCherry cells
(resulting in an increased fraction of iMECGFP cells) following AgNP exposure, and this
effect was further enhanced when AgNPs were combined with salubrinal, as shown in
Figure 6C. A portion (approximately 15%) of each cell line had low-level expression or did
not express either fluorophore (seen in the lower left quadrant of each panel in the graphs
in Figure 6B) and, therefore, the total percentage of cells quantified did not add to 100%.
The results indicate that AgNPs alone selectively killed TNBC cells without affecting the
growth of immortalized mammary epithelial cells grown together in co-culture, and this
selectivity was enhanced when AgNPs were combined with salubrinal.
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Figure 6. The combination of AgNPs and salubrinal selectively eliminates TNBC cells grown in
co-culture with immortalized mammary epithelial cells. (A) BT549mCherry (red) and iMECeGFP cells
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(green) were grown in co-culture and imaged using fluorescent microscopy. Representative images
from the individual visible, red, and green light channels, and an overlay of the three channels, are
shown for untreated cells. (B) BT549mCherry and iMECeGFP cells grown in co-culture were treated
with salubrinal alone (10 μM), AgNPs alone (37.5 μg/mL), or a combination of 10 μM salubrinal and
37.5 μg/mL for 8 days. Flow cytometry was used to quantify the relative fraction of each cell type
remaining at the end of treatment. A schematic is shown to indicate the quadrants of the scattergrams
below. The results are representative of triplicate independent experiments. (C) Data from triplicate
experiments performed, as shown in (B), were quantified to show the mean percentage of iMECeGFP

or BT549mCherry cells (green and red bars) and the ratio of iMECeGFP:BT549mCherry cells (black line)
detected after each treatment. Statistical analysis was performed by two-way ANOVA followed by
the post hoc Tukey test. Significant differences are indicated (** p < 0.01).

4. Discussion

AgNPs have enormous potential for clinical applications [11,17,20,22,36,39], but fears
of toxicity have limited translation [41–47]. Our previous studies showed that AgNPs
induced proteotoxicity and cell death in TNBC cells at doses that did not affect the home-
ostasis of normal breast epithelial cells in vitro [17,36] or in vivo [22]. Two key cell stress
responses involved in mitigating proteotoxicity are the HSR and the ISR, but few studies
have examined the roles of the HSR and ISR in mitigating or enhancing toxicities due to
AgNP exposure. Here, we showed that the use of drugs that modulate these pathways can
enhance the proteotoxic effects of AgNPs, and we identified combinations that are lethal to
TNBC cells without increasing off-target toxicity on normal mammary epithelial cells.

Phosphorylation of HSF1 is indicative of HSR activation. Surprisingly, we observed
decreased levels of pHSF1 in TNBC cells exposed to AgNPs, but no change in pHSF1 in
immortalized mammary epithelial cells. We investigated if AgNPs affected the ability
of HSF1 to transcriptionally activate the HSR. AgNPs alone did not significantly induce
HSF1-dependent transcription, and AgNP-treated cells were capable of generating a robust
HSF1-dependent transcriptional response after exposure to hyperthermia (43 ◦C). This
indicated that AgNPs did not inhibit heat-induced transcriptional activity driven by pHSF1.
Thus, our results suggested that decreased pHSF1 protein following AgNP exposure was
due to increased turnover or degradation, possibly by a negative feedback inhibition
loop [25,29]. We also observed decreased expression of HSP70 in both TNBC and immortal-
ized mammary epithelial cells treated with AgNPs. This is in contrast to literature findings
in other cell lines, indicating increased HSP70 following AgNP exposure [41,44,48–50]. It is
unclear what factors drive these differences, but we have shown that Ag+ contamination
in AgNP solutions can change physiological responses [36]. As discussed below, studies
that fail to characterize Ag+ content or use AgNP solutions that contain Ag+ ions may be
unreliable. HSP70 plays a key role in sequestering misfolded proteins, aids in delivering
them to proteasomes, autophagosomes, and lysosomes, and may be degraded along with
damaged proteins as cells attempt to recover from proteotoxic stress [51]. We also observed
decreased total HSP27 in TNBCs treated with AgNPs. Similar to HSP70, HSP27 can increase
the degradation of damaged proteins in stressed cells through the proteosomal pathway
and is degraded in the process [52]. In contrast to total HSP27, we observed increased
pHSP27 in AgNP-treated TNBC cells. Non-phosphorylated HSP27 forms long oligomers
that mediate most of its chaperone functions. HSP27 phosphorylation leads to a significant
decrease of the oligomeric size and reduces chaperone action. The smaller size of pHSP27
enables nuclear translocation of the cytosolic pool of HSP27, and this provides a mechanism
for HSP27 to leave the cytosol and enter the nucleus, where it can be dephosphorylated
and form oligomers with full chaperone capacity [53]. Therefore, a plausible hypothesis
accounting for why AgNPs decrease total HSP27 and concomitantly increase pHSP27
expression is that pHSP27 increases in stressed cells but does not participate in chaperone
functions and, therefore, does not enter protein degradation pathways.

In an effort to discover drug partners for AgNPs to enhance on-target and lower
potential off-target toxic effects, we examined combinations of AgNPs with drugs that
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interfere with proteotoxic stress responses. We found that the HSF1 inhibitor, KRIBB11,
synergistically increased the cytotoxicity of AgNPs in both TNBCs and immortalized mam-
mary epithelial cells. These data indicated that the HSPs play a key role in mitigating AgNP
toxicity, and inhibition of the HSR may increase off-target toxicity of AgNPs used for cancer
therapy. We next tested salubrinal, an inhibitor of the eIF2α phosphatase complex [54],
for its interaction with AgNPs. Inhibition of dephosphorylation of eIF2α using salubrinal
enhanced pro-death ISR signaling and increased toxicity following AgNP treatment in
TNBCs, but it had no effect on AgNP toxicity in immortalized mammary epithelial cells.
When TNBC and immortalized mammary epithelial cells were treated in co-culture with
a combination of salubrinal and AgNPs, the combination was substantially more toxic to
TNBC cells than either AgNPs or salubrinal alone, but it had little effect on immortalized
mammary epithelial cells. This is consistent with previous studies demonstrating that
AgNP exposure increases peIF2α in TNBC cells but not in immortalized mammary epithe-
lial cells [17,20,22,36]. Because ISR signaling is not activated by AgNPs in immortalized
mammary epithelial cells, salubrinal cannot prolong ISR activation and drive cell death.
Salubrinal has not been tested in humans, and further research will be needed to determine
its translational potential. Despite this limitation, our results provide support to investigate
the use of a combination of AgNPs and drugs that can sustain ISR signaling for treatment
of TNBC.

Four distinct stress-sensing kinases (PKR, HRI, GCN2, and PERK) can initiate the ISR
through phosphorylation of eIF2α [31]. In our study, we did not specifically determine
which of these kinases drives the ISR in response to AgNPs. Previous studies linked AgNP
exposure to activation of endoplasmic reticulum (ER) stress, as indicated by the unfolded
protein response (UPR). Briefly summarized, the UPR is initiated by three ER-bound stress-
sensing proteins, PERK, activating transcription factor 6α/β (ATF6), and inositol requiring
enzyme 1α/β (IRE1). In unstressed states, the protein chaperone GRP78 binds and inhibits
PERK, IRE1, and ATF6 on the ER membrane [55]. If the load of unfolded proteins is greater
than the capacity of ER protein chaperones to sequester and fold, GRP78 dissociates from
PERK, IRE1, and ATF6 to increase the folding capacity. This enables PERK and IRE1 to
form homodimers and trans-autophosphorylate to initiate downstream signaling cascades,
and frees ATF6 to translocate to the Golgi, where it is cleaved to its active form [56–58].
Although some studies showed that all three arms of the UPR are activated in retinal
pigment cells [59] or in Chang liver and human lung fibroblasts [60] following AgNP
exposure, other studies, including our own previous work [17,22,36], did not demonstrate
activation of all arms of the UPR. In one study, AgNPs increased CHOP expression in drug-
resistant breast cancer cells, but PERK dependence was not examined, nor was activation of
the other arms of the UPR [19]. In another study, AgNP exposure increased CHOP and total
IREα, but no evidence of phosphorylation of PERK, phosphorylation of IREα, cleavage of
ATF6, or activation of other downstream signaling cascades was shown [61]. Other studies
offer conflicting evidence with regard to activation of the UPR by AgNPs. For example,
Simmard et al. showed that AgNPs increased pPERK; however, treatments that induced
the highest levels of peIF2a and its downstream effectors ATF4 and CHOP did not correlate
with treatments that induced the highest levels of pPERK, possibly indicating other drivers
of eIF2a phosphorylation [20]. In the same report, the effects of AgNPs on pIRE were
heterogeneous and were not dose-dependent. ATF6 cleavage was not examined, but in
subsequent studies, they observed that AgNPs increased degradation of ATF6 [21]. We
previously performed proteomic analysis in lung cancer cells with differing sensitivities to
AgNPs [45]. We found that in AgNP-sensitive lung cancer cells, but not in AgNP-insensitive
ones, there was a substantial decrease in overall protein synthesis following AgNP exposure.
This is consistent with phosphorylation of eIF2a, which blocks translation of most mRNAs,
leading to a global decrease in protein synthesis. The most affected signaling pathways in
AgNP-sensitive cells were protein synthesis (including decreased activity of eIF2 and eIF4
pathways, both of which are critical for protein synthesis), protein stability, ER signaling,
cell cycle, and autophagy/mitophagy. These responses are associated with mitigating
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proteotoxicity and, therefore, these data provide support for proteotoxic stress as a key
feature of AgNP toxicity. In our current study, we could not definitively state that all three
arms of the UPR were active, nor did previous studies clearly demonstrate dependence
of AgNP-induced cell death on UPR signaling. Given the heterogeneity of the responses,
the only consistently identified pathway is increased peIF2A and downstream effectors,
including CHOP. Therefore, we conclude that the ISR, with some degree of overlap with
the UPR, is a key proteotoxic stress response to AgNP exposure.

Although proteotoxic stress increased following AgNP exposure, the precise biolog-
ical features that render some cells more sensitive to AgNPs than others remain to be
determined. One hypothesis is that high baseline stress on the proteostasis machinery
due to synthesis, folding, posttranslational modification, and secretion of ECM proteins in
TNBC cells that contributes to their increased sensitivity to small molecules that induce ER
stress [4,5] could also drive sensitivity to AgNPs. Alternatively, differences in the vesicle
acidification rate leading to increased intracellular release of Ag+ could play a role [62].
Differences in AgNP uptake may be a contributing factor, but our previous studies and
those of others showed that the relative sensitivity of a specific cell line to AgNPs does not
necessarily correlate with the mass of AgNPs taken up by the cells, indicating that other
factors dominate [17,47].

There is considerable debate regarding the potential toxicity of AgNPs used for clinical
applications. Failure to separate dissolved silver cations (Ag+) from AgNPs before toxicity
testing likely contributes to the lack of a definitive answer. Ag+ is highly toxic and has a
distinct cytotoxic mechanism of action compared to AgNPs; specifically, AgNPs induce
proteotoxicity by a mechanism that does not depend on oxidative stress, while Ag+ cytotox-
icity is dependent upon oxidative stress [36]. Many studies that attempted to characterize
the toxicity of AgNPs failed to account for Ag+, making it difficult to generalize their
findings [47]. Estimates from various sources indicate that Ag+ levels in AgNP dispersions
vary from 2.6 to 5.9% to greater than 70% in the majority of lab-made and commercially
produced AgNPs tested [41,63]. Not all cells are equally sensitive to AgNPs or Ag+, and
sensitivity to one does not necessarily correlate with sensitivity to the other [17,36]. Con-
tamination of AgNP suspensions with as little as 1% mass fraction of Ag+ alters the toxicity
profile of AgNPs [36]. Importantly, we previously showed that the AgNPs used for the
experiments presented here contained less than 0.001% Ag+ by mass, even after 1 month
of storage [36]. Another issue clouding the AgNP toxicity debate is that in vivo testing
may use doses that are either sub-therapeutic (too low) or excessively high. Studies using
PVP-coated AgNPs for treatment of cancer [22] or viral diseases [64] showed that doses
in the range of 4–6 mg/kg delivered systemically for multiple weeks induced therapeutic
responses, indicating that this range is reasonable for evaluation of the potential toxic
effects of AgNPs. Direct comparison of the toxicity of citrate-coated AuNPs (10 mg/kg
intravenous (IV) weekly for 8 weeks) and citrate-coated AgNPs (5 mg/kg IV weekly for
8 weeks), which roughly corresponds to a 1:1 ratio of silver and gold atoms, indicated
that neither AuNPs nor AgNPs elicited any overt toxicity, though tissue discoloration and
enlarged spleens were apparent [65]. Rats receiving intravenous injections of citrate-coated
AgNPs (6 mg/kg for 28 consecutive days) exhibited no dose-limiting toxicities, though
transient effects on liver and immune cell function were noted [66]. Metabolomic studies
in mice injected with polyethylene-glycol-coated AgNPs (8 mg/kg IV) found no evidence
of dose-limiting toxicity, but modest effects on liver function were observed [67]. These
effects were transient and not indicative of persistent liver injury. Studies in humans
receiving intravenous AgNPs are limited. However, a recent clinical trial described the use
of AgNPs for prevention of severe illness and death due to COVID-19 [68]. Here, 40 pa-
tients were injected intravenously with 1.8 mg of AgNPs for 3 consecutive days (combined
with standard COVID-19 treatments), and the group receiving AgNPs had significantly
greater survival rates and spent fewer days on supplemental oxygen than those who did
not receive AgNPs. Importantly, all of the in vivo studies described above used AgNPs
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with minimal contamination of Ag+. Taken together, these studies indicate that within the
therapeutic dose range, AgNPs exhibit low off-target toxicity in vivo.

Overall, our findings provide insight into the mechanism by which AgNPs selectively
kill TNBCS. Our data implied that HSPs and ISR are essential for mitigating AgNP-induced
damage, pointing to accumulation of misfolded proteins as a driver of AgNP-induced cell
death. At present, AgNPs, KRIBB11, and salubrinal are not used clinically, and additional
studies are needed to determine their safety and utility for cancer therapy. Research
defining the drivers of sensitivity to AgNPs will enable selection of cancer patients who will
benefit most from AgNP exposure and will help guide future efforts to identify potential
synergistic drug partners that would be beneficial for use with AgNPs for cancer therapy.
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Abstract: Photodynamic therapy (PDT) is a clinically approved, non-invasive therapy currently used
for several solid tumors, triggering cell death through the generation of reactive oxygen species
(ROS). However, the hydrophobic nature of most of the photosensitizers used, such as chlorins,
limits the overall effectiveness of PDT. To address this limitation, the use of nanocarriers seems
to be a powerful approach. From this perspective, we have recently developed water-soluble and
biocompatible, fluorescent, organic nanoparticles (FONPs) functionalized with purpurin-18 and its
derivative, chlorin p6 (Cp6), as new PDT agents. In this study, we aimed to investigate the induced
cell death mechanism mediated by these functionalized nanoparticles after PDT photoactivation. Our
results show strong phototoxic effects of the FONPs[Cp6], mediated by intracellular ROS generation,
and subcellular localization in HCT116 and HT-29 human colorectal cancer (CRC) cells. Additionally,
we proved that, post-PDT, the FONPs[Cp6] induce apoptosis via the intrinsic mitochondrial pathway,
as shown by the significant upregulation of the Bax/Bcl-2 ratio, the activation of caspases 9, 3, and
7, leading poly-ADP-ribose polymerase (PARP-1) cleavage, and DNA fragmentation. Our work
demonstrates the photodynamic activity of these nanoparticles, making them promising candidates
for the PDT treatment of CRC.

Keywords: colorectal cancer; photodynamic therapy; purpurin-18; nanocarriers; FONPs; apoptosis

1. Introduction

Colorectal cancer (CRC) is one of the most prevalent malignancies worldwide, ranking
second in terms of cancer-related deaths and third in terms of incidence in 2022, according
to the World Health Organization (WHO). By 2035, it is estimated that CRC incidence will
increase by 80%, resulting in approximately 2.4 million cases and 1.3 million deaths glob-
ally [1,2]. Once diagnosed, cancer patients receive several treatment modalities, alone or in
combination, depending on the stage and location of the tumor. Conventional therapies
that are commonly used include surgery, radiotherapy, chemotherapy, and immunotherapy.
These therapies are very effective in the early stages, but their efficacy becomes very limited
in the later stages. Besides this limitation, conventional treatment is often associated with
severe side effects, cancer recurrence, and resistance [3]. Hence, it has become vital to
develop new therapeutic strategies that selectively target tumor sites while improving
patients’ quality of life.

Photodynamic therapy (PDT) has emerged as a potential localized treatment, showing
promising outcomes with solid tumors (such as gastrointestinal, prostate, and bladder
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cancers) [4,5], with improved tumor selectivity and minimal adverse effects compared to
conventional cancer therapies [6]. Moreover, phase I and II clinical trials showed the clinical
efficacy of PDT in CRC as a successful approach [7]. The mechanism of action relies on
the dynamic interaction between three non-toxic components: a photosensitizer (PS), light
with a suitable wavelength that activates the PS, and molecular oxygen. Once administered,
the PS preferentially accumulates within the tumor and converts from its ground state
(PS0) to an excited singlet state (PS1), under tumor illumination. The latter is unstable:
it can return to the ground state by fluorescence emission or generate heat via internal
conversion. However, this excited state can generate a more stable excited triplet state
(T1) through an intersystem crossing. By this triplet state, the PS can undergo two kinds
of photochemical reactions, leading to the production of reactive oxygen species (ROS),
which are highly reactive and can damage biomolecules, triggering PDT-induced cancer
cell death. In the case of type I reactions, the triplet state reacts with the cellular compounds
by electron transfer, producing free radicals that, in the presence of molecular oxygen,
generate hydroxyl radical (•OH), superoxide anion radical (O2

•−), and hydrogen peroxide
(H2O2). On the other hand, the type II reactions occur when the triplet state interacts
directly with the molecular oxygen, resulting in singlet oxygen (1O2) generation [8].

Like any therapeutic option, PDT presents some limitations, such as the hydropho-
bicity of most of the traditional PSs used in the literature, PS aggregation occurring in
biological environments, and selective cellular uptake [6]. These factors reduce the PDT’s
clinical efficiency, limiting its overall therapeutic potential. To address these limitations, and
thanks to the development of nanotechnology, especially in the context of CRC treatment,
PS delivery efficiency may be improved by the encapsulation of the PS within nanoparticles
(NPs), providing enhanced water solubility, tumor selectivity through passive or active
approaches, and the reduction of toxic effects [7,9]. For this purpose, a wide range of
nanocarriers were used in the literature, mainly categorized into organic and inorganic
NPs [10,11]. The main advantage of organic NPs is their high biocompatibility, as they can
be easily modified to control their physical and chemical characteristics [12]. Overall, the
preclinical studies demonstrate the benefits of using nano-encapsulated PSs in the CRC
model [7,13,14].

Among chlorins, purpurin-18 (Pp-18), is one of the most commonly used PSs in the lit-
erature. With an absorption maximum of 700 nm and a high singlet oxygen quantum yield,
Pp-18 has been shown as a strong inducer of PDT-mediated cell death [15–17]. However,
its clinical application is limited due to its high hydrophobicity. Thanks to its chemical
structure that offers the possibility of different structural modifications, several approaches
have been reported to improve its physicochemical properties, such as conjugation with
peptides [18], gold nanoparticles [19], polyethylene glycol (PEG) [20], and sugars [21]. In
addition, targeted nanoparticles as drug delivery systems has become one of the most
promising strategies for CRC cancer therapy [22].

In this context, we have recently developed a new nano-formulation, based on dedi-
cated soft fluorescent organic nanoparticles (FONPs) as nanocarriers of Pp-18 and its deriva-
tive chlorin p6 (Cp6). The functionalized FONPs, hereafter referred to as FONPs[Cp6],
represent potential biocompatible nanoparticles for PDT treatment in CRC [23]. We stress
that targeted nanoparticles The FONPs were prepared from an equimolar mixture of citric
acid and diethylenetriamine (DETA) via polycondensation reactions using precise synthesis
protocols (Scheme S1). The dehydration can be achieved either by heating a water solution
under microwave activation [24] or by the dry heating of the diethlylenetriamonium citrate
salt at 200 ◦C [23]. Importantly, controlled reaction conditions need to be implemented to
avoid the carbonization and formation of the graphitic region. As a result, the FONPs had
dry diameters of approximately 10–15 nm (Figure S1) and showed high water-solubility
(>200 g/L) and biocompatibility [23]. Aqueous FONP solutions strongly absorb in the near
UV-region (λabs

max = 360 nm) and generate bright blue fluorescence under excitation due to
an endogenous chromophore formed during the condensation process [23,24]. The FONPs
showed a large number of CO2H and NH2 surface groups, which were responsible for
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their high-water solubility. These groups are of major interest for further functionalization
using standard conjugation reactions. In order to implement such conjugations, the FONPs
were activated either (i) with succinic acid [24], leading to organic nanoparticles enriched
in CO2H surface groups, or (ii) with ethylene diamine [23] leading to organic nanoparticles
enriched NH2 surface groups. In particular, the reaction of the latter with Pp18 resulted in
the FONPs[Cp6] having a total PS loading (i.e., Cp6+ Pp18) of approximately 35 μmol.g−1.
These nanoparticles retained good water solubility and showed the characteristic absorp-
tion bands of Cp6 and Pp18 in the visible region (Figure S2), with peaks at 420 nm (Soret
Band), 500 nm, 560 nm, 660 nm, and 710 nm (Q bands). Interestingly, the FONPs[Cp6]
showed deep-red emissions upon excitation in the visible region, as well as weak NIR
emissions when excited at 720 nm (Figure S3). Moreover, the FONPs[Cp6] exhibited a
high singlet oxygen generation quantum yield in aqueous media (0.72 upon excitation at
405 nm) [23].

The FONPs[Cp6] were found to show a strong in vitro phototoxicity against two
CRC cell lines, HCT116 and HT-29, after illumination at 650 nm. Indeed, our previous
results demonstrated the PDT potential of these new NPs with half-maximal inhibitory
concentrations (IC50) of 0.04 and 0.13 nmol/mL for the HCT116 and HT-29 CRC cell lines,
respectively [23].

Based on these promising results, the present study aimed to investigate the cell death
mechanism mediated by these FONPs. First, we showed an excellent safety profile of the
FONPs against human CRC cell lines, HCT116 and HT-29. Then, we demonstrated that
the intracellular accumulation and the subcellular localization of the FONPs[Cp6] induced
a strong anticancer efficacy through ROS production. Consistent with other in vitro PDT
studies, we validated that once photoactivated, the FONPs[Cp6] induced apoptosis via the
intrinsic pathway.

2. Results

2.1. In Vitro Safety of FONPs

Our previous study demonstrated the in vitro phototoxicity of FONPs functionalized
with Pp18 and its derivative Cp6 (FONPs[Cp6]) [23], so we aimed first to investigate the
FONPs safety as drug delivery nanocarriers in human CRC cell lines, HCT116 and HT-29.
For this aim, the cells were treated with the FONPs at 1 to 100 μg/mL concentrations. Then,
the cells were exposed to red light (650 nm), and the phototoxic effects were monitored for
48 h post-illumination using an MTT assay. Our results showed no significant reduction
in cell viability when the FONPs were exposed to light or kept in the dark, even at a
concentration of 100 μg/mL in both cell lines (Figure 1). These results further complement
the previous findings of the absence of the dark cytotoxicity of the FONPs[Cp6], suggesting
the good safety of the FONPs in human CRC cell lines.

Figure 1. Phototoxic effects of FONPs on human CRC cell lines. HCT116 (A), and HT-29 (B) cells were
seeded in 96-well plates for 24 h, then cells were treated or not with FONPs at different concentrations
for 24 h. Cells were illuminated or not with red light (650 nm, 38 mW/cm2). The cytotoxic effects
were then monitored 48 h following illumination by MTT assay. Data are shown as mean ± SEM
(n = 3); ns: not significant relative to the control group.
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2.2. Cellular Internalization and Localization of FONPs[Cp6]

For confocal microscopy analyses, the HCT116 and HT-29 CRC cell lines were treated
with the FONPs[Cp6] at IC50 concentrations already calculated: 1.40 and 3.86 μg/mL
for the HCT116 and HT-29 cells, respectively, (corresponding to 0.04 nmol/mL and 0.13
nmol/mL of active PSs, respectively). The FONPs[Cp6] exhibited a deep-red or infrared
NIR fluorescence [23], so their cellular uptake could be monitored by confocal microscopy
when excited typically at 520 nm. The red fluorescence observed in the cytoplasm of the
HCT116 and HT-29 CRC cells indicated the cellular internalization of the NPs in both of
the cell lines (Figure 2 and Figure S5). Interestingly, compared to the noncancerous cell
line HEK-293, we observed higher cellular accumulation within the HCT116 and HT-29
CRC cells, with a negligible uptake in HEK-293 cells, even at 10 μg/mL (Figure 2C). These
results show that our NPs were preferentially internalized into CRC cells.

  

Figure 2. Cellular internalization of FONPs[Cp6] on HCT116 (A), HT-29 (B), and HEK-293 (C) cell
lines. Cells were grown for 24 h in chamber slides coated with a type I collagen (3 mg/mL) with acetic
acid (20 mM) gel. Cells were then treated with FONPs[Cp6] at IC50 concentrations for HCT116 and
HT-29 and 1 or 10 μg/mL for HEK-293 cells. After 24 h, red fluorescence was assessed by confocal
microscopy (Zeiss LSM880 confocal microscopeJena, Germany). Co-localization was analyzed using
the ImageJ software. White scale bars represent 50 μm.

PDT-induced cell death depends on the intracellular localization of the PS. Thus, after
confirming the cellular uptake, we looked to determine the subcellular localization of the
FONPs[Cp6] in the CRC cells. For this aim, the cells were co-treated with MitoTracker,
LysoTracker, or Endoplasmic Reticulum-Tracker (ER-Tracker) organelle probes. The con-
focal fluorescence images in Figure 3 showed that the FONPs[Cp6] were distributed in
all organelles, including the mitochondria, lysosomes, and ER (as indicated by yellow
fluorescence in merged images), demonstrating the co-localization of the FONPs[Cp6] in
both of the cell lines.

2.3. ROS Generation

The PDT-induced cell death mechanism involves intracellular ROS generation. There-
fore, ROS levels were quantified using DCFDA staining after PDT illumination. Flow
cytometry analyses revealed that the photoactivation of the FONPs[Cp6] enhanced cellular
ROS generation in both cell lines (Figure 4A,B). Moreover, our results showed a greater
ROS production, with 85.7% of positive gated in the HCT116 CRC cells compared to 72.6%
in the HT-29 CRC cells (Figure 4C). In both the cell lines, the FONPs[Cp6] induced a limited
ROS generation in the dark, with 9% and 6.4% of positive gated in the HCT116 and the
HT-29 CRC cells, respectively.
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Figure 3. Cellular localization of FONPs[Cp6] on HCT116 (A) and HT-29 (B) CRC cell lines. Cells
were seeded in chamber slides for 24 h prior to exposure to FONPs[Cp6] at IC50 concentrations. After
24 h, cells were co-treated with MitoTracker, LysoTracker, or ER-Tracker organelle probes. The images
on the right of each panel correspond to the zoomed-in merged images (yellow box). Localization
was determined by confocal microscopy, and co-localization was assessed using the ImageJ software.
Scale bar = 50 μm.

These results were further confirmed by confocal microscopy, using the DCFDA as
an ROS indicator. The confocal fluorescence images indicated a strong green fluorescence
within the cells after the photoactivation of the FONPs[Cp6] compared to the control in both
the cell lines (Figure 4D,E). Similarly, the HCT116 CRC cells showed an increased green
fluorescence compared to the HT-29 CRC cells, demonstrating an enhanced ROS generation
in the HCT116 CRC cells. Together, these data demonstrate that the photoactivation of the
FONPs[Cp6] induces intracellular ROS generation in both the CRC cell lines.

2.4. Apoptotic Cell Death Induction

In order to investigate the cell death mechanism induced by the FONPs[Cp6], Annexin
V-FITC and PI dual staining were performed to assess the level of apoptosis 24 and 48 h
post-illumination by flow cytometry. The early apoptotic cells could only retain Annexin
V-FITC and were placed in the lower right quadrant. However, due to increased cell
permeability, the late apoptotic cells could retain Annexin V-FITC and PI and were placed
in the upper right quadrant. As shown in Figure 5A,C, in the HCT116 CRC cells, the control,
light control, and the FONPs[Cp6] exhibited high cellular viabilities of 86.97%, 86.47%,
and 85.00%, respectively, at 24 h. Similarly, 85.60%, 85.46%, and 84.43% of the population
of the HCT116 CRC cells were viable after exposure to the control, light control, and the
FONPs[Cp6], respectively, at 48 h. However, 24 h after the FONPs[Cp6] photoactivation, the
rate of early and late apoptosis both increased significantly to 46.23%, while the percentage
of viable cells decreased to 47.83%. Importantly, 48 h post-PDT, the rate of apoptosis
continued to rise to 69.94%, with only 25.50% being viable cells. Similar results were
observed with the HT-29 CRC cells: 85.20%, 85.68%, and 83.49% of the cell population
were viable after exposure to the control, light control, and the FONPs[Cp6], respectively,
at 24 h. After 48 h, 86.97%, 85.18%, and 84.75% of the control, light control, and the
FONPs[Cp6], respectively, remained mostly viable. Twenty-four hours after illumination,
the FONPs[Cp6] induced a significant increase in the rate of apoptosis to 28.01%, with
64.45% being viable cells. Moreover, after 48 h of photoactivation, the rate of apoptosis
increased further to reach 60.19%, while the percentage of viable cells decreased to 36.48%
(Figure 5B,D). Together, these findings provide evidence that the photoactivation of the
FONPs[Cp6] induces a significant increase in the rate of early and late apoptosis, thus
confirming that apoptosis was one of the major induced cell death mechanisms.
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Figure 4. ROS generation by the FONPs[Cp6] in HCT116 (A,C,D) and HT-29 (B,C,E) CRC cell lines.
For all experiments, cells were grown for 24 h. Then, cells were treated with the FONPs[Cp6] at
IC50 concentrations and illuminated or not. Intracellular ROS generation was quantified by flow
cytometry using DCFDA staining directly after PDT. An increased fluorescence intensity, resulting
from increased 2′,7′-dichlorofluorescein (DCF) formation, causes a shift to the right. Hydrogen
peroxide (H2O2) was used as a positive control (A,B). Results of flow cytometry analyses are shown
in (C). The confocal microscopy images of DCFDA-labeled HCT116 (D) and HT-29 (E) CRC cells
were captured immediately after PDT illumination. Scale bar = 20 μm. Data are represented as mean
± SEM (n = 3). ** p < 0.01 and *** p < 0.001, relative to the control.
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Figure 5. Apoptosis effects of the FONPs[Cp6] on HCT116 (A,C) and HT-29 (B,D) CRC cells. Cells
were grown 24 h before exposure or not to the FONPs[Cp6] at IC50 concentrations. Then, cells were
illuminated or not. Twenty-four and forty-eight hours after PDT illumination, cells were stained with
Annexin V-FITC and PI, and cell apoptosis was measured by flow cytometry. (A,B) The results are
represented in a scatter plot as four quadrants: living (lower left), early apoptotic (lower right), late
apoptotic (upper right), and necrotic (upper left) cells. (C,D) The percentage of each cell population
is expressed as mean ± SEM (n = 3). A t-test was used to compare each population in the treated
group to its corresponding population in the control. * p < 0.05; ** p < 0.01, and *** p < 0.001, relative
to the control.

2.5. PDT-Induced Apoptosis Mechanism

Caspases are known for their crucial role in the initiation and execution of apoptosis.
Hence, to confirm the apoptotic cell death mechanism observed after the photoactivation of
the FONPs[Cp6], the level of the caspases-3/7 activity, the main apoptosis executioner, was
measured using the Incucyte S3 live-cell imaging system. For this purpose, the cells were
labeled with caspases-3/7 green reagent immediately after PDT, and their fluorescence was
monitored for 48 h. As observed in Figure 6A, the photoactivation of the FONPs[Cp6] in
the HCT116 CRC cells induced a significant increase in the percentage of activated caspases-
3/7 in a time-dependent manner, with 86.6% compared to 6.1% in the light control, at
48 h post-illumination. Similar results were obtained with the HT-29 CR+C cells, with a
significant increase in caspase-3/7 activity level to 68.5%, compared to 9.6% in the light
control (Figure 6B).
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Figure 6. Effects of photoactivation of the FONPs[Cp6] on caspases-3/7 activity and protein expres-
sion in HCT116 (A,C,D) and HT-29 (B,E,F) CRC cells. Cells were cultured for 24 h, then treated with
the FONPs[Cp6] at IC50 concentrations for 24 h, then illuminated. (A,B) Quantification of caspases-
3/7 activity. Directly after PDT of cells co-treated with caspases-3/7 green reagent, fluorescence over
time was monitored by Incucyte S3 live-cell imaging system. The ratio of green fluorescent cells
to total cells was quantified using IncuCytesoftware version 2023A Rev1). (C–F) The expression of
the key apoptotic proteins was assessed by western blotting 24 and 48 h after illumination. β-actin
served as a loading control. Bands were quantified by densitometry using ImageJ software, and the
Bax/Bcl-2 ratio was then calculated relative to β-actin. * p < 0.05 and *** p < 0.001, relative to the
control; ns: not significant.
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To further confirm the apoptotic cell death, we conducted western blotting to assess
the protein expression of key apoptotic-related markers. We focused mainly on poly-ADP-
ribose polymerase (PARP-1), which is a substrate of caspase-3, caspase-9 (initiator caspase),
Bax (pro-apoptotic), and Bcl-2 (anti-apoptotic) protein expression, 24 and 48 h following
photoactivation. In the HCT116 CRC cells, our results show that the photoactivation
of the FONPs[Cp6] induced a significant increase in the Bax/Bcl-2 ratio, by 4.19-fold
compared to the control. After 48 h, this ratio decreased to 2.1-fold. These observations
were correlated with caspase-9 activation, leading to its cleavage, when the FONPs[Cp6]
were photoactivated. Subsequently, the activation of caspase-3 (Figure 6C, D) resulted in
PARP-1 cleavage (inactivation), associated with a decrease in the expression of the native
PARP-1, 24 and 48 h after the FONPs[Cp6] illumination. Similar results were observed in
the HT-29 CRC cells: the Bax/Bcl-2 ratio was significantly increased by 2.31- and 4.1-fold
at 24 and 48 h, respectively, compared to the control. The increase in the Bax/Bcl-2 ratio
was correlated with the activation of caspase-9, and its cleavage 24 and 48 h following PDT.
Furthermore, the PARP-1 cleavage was mainly observed 24 and 48 h after the FONPs’[Cp6]
photoactivation (Figure 6E,F).

In the absence of PARP-1 repair, DNA is cleaved by endonucleases. To evaluate the
apoptotic process at the later stages and examine the nuclear changes induced by the
FONPs[Cp6], DNA fragmentation was performed 24 and 48 h after PDT using an ELISA
assay. In the HCT116 CRC cells, the results indicate that the FONPs[Cp6], after PDT,
induced a strong increase in DNA fragmentation by 5.2- and 12.3-fold, at 24 and 48 h,
respectively, compared to the control (Figure 7A). As expected, the FONPs[Cp6] in the dark
induced very limited DNA fragmentation of 1.3- and 1.5-fold at 24 and 48 h, respectively,
compared to the control. The same results were observed in the HT-29 CRC cells: the
FONPs[Cp6] photoactivation induced a significant increase in DNA fragmentation by 3.3-
and 6.3-fold at 24 and 48 h, respectively, when compared to the control. The FONPs[Cp6]
in the dark showed no significant DNA fragmentation, with 1.3- and 1.5-fold changes at 24
and 48 h, respectively (Figure 7B).

Figure 7. Effects of photoactivation of the FONPs[Cp6] on DNA fragmentation in HCT116 (A) and
HT-29 (B) CRC cells. Cells were grown for 24 h before being treated or not with the FONPs[Cp6] at
IC50 concentrations. After 24 h of incubation, cells were then illuminated or not. DNA fragmentation
24 and 48 h post-illumination was quantified from cytosol extracts by ELISA assay. The results are
expressed as n-fold compared to the control. Data are expressed as mean ± SEM (n = 3). * p < 0.05,
** p < 0.01, and *** p < 0.001, compared to the control, or # p < 0.05 and ## p < 0.01, compared to
24 h data.
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Taken together, these results demonstrate that the FONPs[Cp6] photoactivation in-
duced apoptosis in the human CRC cell lines via the intrinsic pathway.

3. Discussion

Presently, extensive efforts have been made to overcome the conventional PDT limita-
tions, particularly through nanocarrier platforms. The use of NPs seems to be an attractive
strategy for improving traditional PSs’ hydrophilicity and accumulation within tumor sites.
Interestingly, targeted NPs are a novel class of NPs that were developed by conjugating
with ligands or other molecules to facilitate cancer cell recognition. These NPs are widely
used in the literature to treat CRC [22]. In a previous study [23], we investigated the
anticancer efficiency of a new nano-formulation (FONPs[Cp6]) of hydrophobic PS, Pp-18,
and its derivative, Cp6, on human CRC cell lines (HCT116 and HT-29). Our previous work
demonstrated that the FONPs[Cp6] combine several attractive characteristics, including
high water solubility and stability, a high singlet oxygen quantum yield, and deep-red or
NIR fluorescence [23]. So, after confirming the photodynamic activity of these function-
alized NPs, the main objective of the present study was to understand the induced cell
death mechanism that contributes to anticancer effects. First, we evaluated the in vitro
safety of the FONPs, and we showed that these nanocarriers were extremely safe on the
human CRC cell lines and were found to selectively accumulate within the cancer cells,
compared to noncancerous HEK-293 cells. These results confirmed a previous study using
the FONPs on glioblastoma cells, in which they were shown to preferentially accumulate
in glioblastoma cells, mainly by caveolin and lipid rafts endocytosis [24].

On the other hand, the subcellular localization of PSs plays a critical role in determina-
tion of the extent of the cellular damage and the mechanisms involved in cell death. Our
nanocarriers were found to accumulate in the cytoplasm of both the cell lines, but not in the
nucleus. These results correlate with a previous study, in which Pp-18 was loaded into solid
lipid nanoparticles (SLNs) and evaluated against HeLa and A549 lines [25]. Moreover, our
confocal fluorescence images showed that the FONPs[Cp6] seemed to localize in lysosomes,
mitochondria, and ER organelles. Similarly, a research group found that the conjugation
of Pp-18 with a polyethylene glycol (PEG) spacer led to improved accumulation in the
mitochondria, lysosomes, and ER in various human cancer cells [20].

Apoptosis is the most commonly described cell death after PDT, mainly due to ROS
generation [26]. The intracellular ROS generation results showed that the FONPs[Cp6]
exhibited high photoactivity, with 85.7% and 72.6% of ROS production in the HCT116 and
the HT-29 CRC cell lines, respectively. When compared to Liu et al.’s work [27], in which
they obtained water dispersible organic nanoparticles (WSONs) from the nanoprecipitation
in water of hydrophobic chlorin derivatives, the FONPs[Cp6] in the present study seem
to have a higher photodynamic efficiency. Liu et al.’s study highlighted that WSONs
obtained from purpurin18 methyl ester (pu18ME) induce mitochondrial apoptotic cell
death, with singlet oxygen generation of less than 65% in HeLa cell lines [27]. The use of a
carbon monoxide (CO) controllable release system has emerged as an efficient anticancer
therapy [28]. An interesting approach, reported by Wu et al., is the PDT-driven CO release
system, based on Cp6, using nanogels. They showed that, when exposed to light irradiation,
this system induces synergistic anticancer effects shown by the high CO and singlet oxygen
(1O2) generation, demonstrating a strong photodynamic efficiency in both in vitro and
in vivo breast cancer models [29].

Regarding the apoptotic cell death mechanism, we validated that the FONPs[Cp6]
induce apoptosis via the intrinsic pathway. As localized in the mitochondria, the photoacti-
vation of the FONPs[Cp6] induces ROS generation that induces damage to the mitochon-
drial membrane, followed by an increase in the Bax/Bcl-2 ratio, leading to the subsequent
activation of caspase-9. Once activated, caspase-9 cleaves and activates the executioner
caspases 3 and 7, leading to PARP-1 cleavage and DNA fragmentation. Consistent with our
results, a study reported that the photoactivation of Cp6 induces apoptosis and autophagy
via ROS generation in human CRC SW620 cells [17]. Furthermore, Bharathiraja et al.
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demonstrated that Cp6 conjugated with silica nanoparticles enhanced cellular uptake and
induced apoptosis by intracellular ROS generation in breast cancer cells [30]. An in vivo
study on hepatocellular carcinoma, using Pp-18 conjugated with gold NPs, showed that
PDT-irradiation induced caspase-3 activation and DNA fragmentation [31].

Accumulating evidence suggests that autophagy is triggered after PDT due to ROS
generation. In fact, autophagy seems to play a controversial role in the PDT context. Several
studies have demonstrated that applying an autophagy inhibitor can enhance PDT-induced
cell death [17,32]. However, other studies showed that autophagy inhibition significantly
decreased PDT-induced cell death in breast cancer cells [33]. In our work, we proved that
the FONPs[Cp6] were localized in the lysosomes and ER, so further investigations of the
role of autophagy in the induced apoptotic cell death could be useful. Indeed, the use of 3D
cell spheroid models of CRC that imitate the tumor microenvironment seems to be crucial
to assessing the PDT potential of the FONPs[Cp6]. Additionally, the use of in vivo animal
models (such as the subcutaneous xenograft mouse model of CRC) [34] to investigate these
novel nanocarriers would be the ultimate goal of the present work.

4. Materials and Methods

4.1. Materials

The RPMI 1640 and RPMI 1640 red-phenol-free mediums were purchased from Gibco
BRL (Cergy-Pontoise, France). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT), 2′,7′-dichlorofluorescein diacetate (DCFDA) kit, cell death detection enzyme-linked
immunosorbent assayPLUS (ELISA), and human anti-actin antibodies were acquired from
Sigma-Aldrich (Burlington, MA, USA). The Poly-ADP-ribose polymerase (PARP), caspase-
9, Bcl-2, and Bax antibodies, goat anti-rabbit IgG H&L horseradish peroxidase (HRP)
secondary antibodies, and LysoTracker Green DND-26 were obtained from Cell Signaling
Technology-Ozyme (Danvers, MA, USA). The MitoTracker Green FM, ER-Tracker™ Green,
annexin V-FITC, propidium iodide (PI), and rabbit anti-mouse IgG-IgM H&L HRP sec-
ondary antibodies were obtained from Invitrogen-Thermo Fisher Scientific (Van Allen Way,
Carlsbad, CA, USA).

4.2. Synthesis of the FONPs[Cp6]

The FONPs and the FONPs[Cp6] were prepared as described in ref [23]. Briefly, the
ammonium citrate salt was first prepared by mixing equimolar amounts of diethylenetri-
amine (DETA) and citric triacid in pure water, then evaporating the water under vacuum
to obtain a dry solid. The salt was subsequently heated at 200 ◦C for 30 min, leading to
a brownish–yellowish crude material, which was washed with ethanol and then dried
under vacuum. The bare FONPs were then enriched in NH2 surface groups by heating
in ethylene diamine at 120 ◦C for 16 h [35]. Finally, the FONPsNH

2 were reacted with
Pp18 (Scheme S1, step 3) in a biphasic medium (H2O/toluene) under vigorous stirring
and heating at 100 C to yield the FONPs[Cp6] after the separation of the aqueous phase,
freeze-drying, and washing with CH2Cl2, then drying under a vacuum. The FONPs[Cp6]
showed a size distribution ranging between 10 nm and 20 nm, giving a mean diameter of
12.9 nm, as indicated by transmission electron microscopy (Figure S1). A small number of
larger nanoparticles (approximately 25 and 35 nm in diameter) were also detected [23]. Gel
electrophoresis (Figure S4) indicated that both the FONPsNH2 and the FONPs[Cp6] were
mainly positively charged.

4.3. Cell Lines Culture and Treatment

The human CRC HCT116 and HT-29 adherent cell lines were purchased from the
American Type Culture Collection (ATCC—LGC Standards, Molsheim, France). We chose
these human CRC cell lines because they are of different stages, enabling us to evaluate the
possible resistance to our treatments: The HCT116 CRC line was isolated from a stage I
colorectal carcinoma from an adult male. The HT-29 CRC line was derived from a stage II
colorectal adenocarcinoma from a 44-year-old woman.

153



Nanomaterials 2024, 14, 1557

The cells were grown in an RPMI medium and cultured as previously mentioned [23],
and the HEK cells were seeded at 2 × 104 cells/cm2. The FONPs[Cp6] and FONP platform
stock solutions were prepared in ultrapure water and diluted in a culture medium to pre-
pare the working concentrations. The in vitro PDT protocol was performed as previously
explained [23].

4.4. In Vitro Cytotoxicity Assay of FONPs

The cytotoxicity of the FONPs was assessed using the MTT assay, as described in [23],
which reveals dehydrogenase activity in living cells. The cells were seeded in 96-well
culture plates for 24 h before exposure or not to the compounds. After 24 h of incubation,
the cells were illuminated with a 650 nm lamp (PhotoCure ASA, Oslo, Norway) as a
light source at 38 mW/cm2. The cell viability percentage was then measured 48 h after
illumination, by normalizing control cells.

4.5. Intracellular ROS Generation by the FONPs[Cp6]

ROS production was quantified using a cell-permeable fluorescent probe, 2′,7′-dichloro
fluorescein diacetate (DCFDA), to determine the intracellular oxidative stress. To this end,
the cells were seeded in 25 cm2 tissue culture flasks for 24 h before being treated or not with
the FONPs[Cp6] at IC50 concentrations. After 24 h, the cells were stained with DCFDA
(20 μM) at 37 ◦C. After 30 min of incubation, the cells were illuminated or not. ROS
generation was assessed by flow cytometry (BD Biosciences, San Jose, CA, USA) directly
after PDT. Hydrogen peroxide (H2O2) was used as a positive control (800 μM).

For confocal microscopy images, the cells were plated for 24 h in chamber slides
(ibidi μ-Slide 8 well; Clinisciences, Gräfelfing, Germany) and coated with a type I colla-
gen (3 mg/mL) and acetic acid (20 mM) gel. After this, the cells were treated with the
FONPs[Cp6] at IC50 values. Then, after 24 h, DCFDA (20 μM) was added for 30 min, and
the fluorescence images were taken under excitation of 488 nm at 40× magnification by
confocal microscopy (Zeiss LSM880 confocal microscope).

4.6. Cellular Uptake and Localization of the FONPs[Cp6]

The cells were seeded for 24 h before treatment with the FONPs[Cp6] at IC50 concen-
trations in chamber slides coated as mentioned above to determine the cellular localization.
Then, after 24 h, the cells were treated with MitoTracker Green FM (50 nM), ER-Tracker™
Green (500 nM), and LysoTracker Green DND-26 (50 nM) for 45 min, 30 min, and ex-
temporaneously at 37 ◦C, respectively. The FONPs’[Cp6] localization was examined by
confocal microscopy, using the FONPs[Cp6] fluorescence (excitation/emission: 520/665
nm) with MitoTracker fluorescence (490/516 nm), LysoTracker fluorescence (504/511 nm),
and ER-Tracker fluorescence (504/511 nm). The co-localization was analyzed using the
ImageJ software (version 1.52p).

4.7. Apoptotic Cell Death Induction by the FONPs[Cp6]
4.7.1. Dual Staining Assay with Annexin V-FITC and PI

Annexin V-FITC/PI dual staining was performed to evaluate the apoptosis induc-
tion. The cells were treated with the FONPs[Cp6] for each cell line at IC50 concentrations
and were illuminated or not. Twenty-four and forty-eight hours post-PDT, a total of
2.5 × 105 cells/conditions were collected, then washed with PBS, centrifuged at 1500 rpm
for 5 min, and incubated with 100 μL binding buffer (1X) with 5 μL annexin V-FITC and
1 μL of PI at 100 μg/mL for 15 min in the dark. After that, 200 μL of the binding buffer was
added to the samples, and the percentage of apoptotic cells was analyzed by flow cytometry.
Our data are represented in a scatter plot as four quadrants: living, early apoptosis, late
apoptosis, and necrotic cells.
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4.7.2. DNA Fragmentation

A further analysis for cell death was performed using a Cell Death Detection ELISAPLUS

to detect DNA fragmentation. For this, the cells were treated or not with the FONPs[Cp6] at
IC50 concentrations for 24 h, and then illuminated or not. Twenty-four and forty-eight hours
after PDT, cytosolic extracts of 2 × 105 cells/condition were obtained, and the amounts of
mono- and oligonucleosomes produced from apoptotic cells were quantified, following
the manufacturer’s protocol. The absorbance was measured at 405 nm, using a microplate
reader (Thermoscientific MULTISKAN FC). The results are expressed as n-fold compared
to the control.

4.7.3. Quantification of Caspase-3/7 Activity

The amounts of activated caspases-3/7 were monitored using an IncucyteS3 system
(Sartorius, Göttingen, Germany), a live-cell imaging device that allows fluorescence tracking
over time. The cells were seeded in 96-well plates for 24 h before being treated or not with
the FONPs[Cp6] at IC50 concentrations and illuminated. Then, the cells were labeled with
caspases-3/7 green reagent (Sartorius) at 5 μM. The photos were taken every 2 h at ×20
magnification in phase contrast/green fluorescence. The Green Object Count/Phase Object
Count ratio was quantified using Incucyte software (version 2023A Rev1) to determine the
percentage of green fluorescent cells.

4.7.4. Protein Expression by Western Blotting

Each cell line was treated with IC50 concentrations and illuminated. Twenty-four
and forty-eight hours after PDT, the total cells of each condition were collected, and
whole-cell lysate proteins were extracted using an RIPA lysis buffer (containing 50 mM
HEPES, pH 7.5, 150 mM NaCl, 1% sodium deoxycholate, 1% NP-40, 0.1% SDS, and 20
mg/mL of aprotinin). The protein levels were quantified using the Bradford method.
Briefly, the proteins (60–80 μg) were separated by electrophoresis on SDS-PAGE gels and
then transferred to polyvinylidene difluoride (PVDF) membranes (Amersham Pharmacia
Biotech, Saclay, France). After that, the membranes were incubated with primary antibodies
against human apoptosis-related proteins, including PARP-1 (1:1000), caspase-9 (1:1000),
Bcl-2 (1:1000), and Bax (1:1000). β-actin (1:5000) was used as a loading control. The
membranes were then incubated with secondary antibodies, and bands were revealed
using the Immobilon Western HRP Substrate (Merck, Darmstadt, Germany) and a G: BOX
system (Syngene, Cambridge, UK). The bands were quantified by densitometry, using
ImageJ software.

4.8. Statistical Analyses

All the data are presented as the mean ± standard error of the mean (SEM) of three in-
dependent experiments. The statistical analyses were performed using GraphPad Prism 9.0
by two-tailed unpaired Student’s t-tests. p values of * p < 0.05, ** p < 0.01, and *** p < 0.001
or # p < 0.05 and ## p < 0.01 were considered statistically significant.

5. Conclusions

In this study, we evaluated the anticancer efficiency of novel biocompatible FONPs
that were functionalized with a hydrophobic PS (Pp-18 and its derivative Cp6) on human
CRC cell lines (HCT116 and HT-29). We validated the in vitro safety of the FONPs as
delivery nanocarriers for the hydrophobic PS. Interestingly, the FONPs[Cp6] showed a
preferential internalization in the CRC cell lines. Furthermore, the confocal microscopy
analysis confirmed that the FONPs[Cp6] were localized in the mitochondria, lysosomes,
and ER, which are the desired targets for PDT. We can conclude that the FONPs[Cp6] exhibit
strong photodynamic activity through ROS generation, resulting in induced apoptosis via
the intrinsic pathway. Together, the in vitro results demonstrate the interesting anticancer
efficiency of this nano-formulation against CRC. To further this study, the use of 3D cancer
models could be the first step, followed by in vivo experiments to validate our findings.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano14191557/s1. Synthesis and characterizations of FONPs[Cp6].
DAPI staining. Western blot analysis of the autophagy markers.
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Abstract: Monte Carlo (MC) simulations have become important in advancing nanopar-
ticle (NP)-based applications for cancer imaging and therapy. This review explores the
critical role of MC simulations in modeling complex biological interactions, optimizing NP
designs, and enhancing the precision of therapeutic and diagnostic strategies. Key findings
highlight the ability of MC simulations to predict NP bio-distribution, radiation dosimetry,
and treatment efficacy, providing a robust framework for addressing the stochastic nature
of biological systems. Despite their contributions, MC simulations face challenges such
as modeling biological complexity, computational demands, and the scarcity of reliable
nanoscale data. However, emerging technologies, including hybrid modeling approaches,
high-performance computing, and quantum simulation, are poised to overcome these
limitations. Furthermore, novel advancements such as FLASH radiotherapy, multifunc-
tional NPs, and patient-specific data integration are expanding the capabilities and clinical
relevance of MC simulations. This topical review underscores the transformative potential
of MC simulations in bridging fundamental research and clinical translation. By facilitat-
ing personalized nanomedicine and streamlining regulatory and clinical trial processes,
MC simulations offer a pathway toward more effective, tailored, and accessible cancer
treatments. The continued evolution of simulation techniques, driven by interdisciplinary
collaboration and technological innovation, ensures that MC simulations will remain at the
forefront of nanomedicine’s progress.

Keywords: nanomaterials; cancer therapy; medical imaging; Monte Carlo simulation;
nanoparticle-enhanced radiotherapy; dose enhancement; DNA damage; DNA dosimetry;
nanodosimetry; nanoparticle; theranostics

1. Introduction

Nanoparticles (NPs) have transformed the biomedical sciences, especially in the areas
of cancer imaging and therapy. Their unique physicochemical properties—such as small
size, high surface area-to-volume ratio [1], and the ability to be functionalized [2]—allow
for enhanced targeting, controlled drug release, and improved imaging contrast. These
features make NPs ideal candidates for overcoming the limitations of conventional cancer
therapies, such as poor specificity and systemic toxicity, and for advancing precision
medicine [3]. In medical imaging, NP-based agents have facilitated the development
of highly sensitive diagnostic tools, enabling earlier detection and better monitoring of
cancer progression [4]. Similarly, in cancer therapy, they provide innovative platforms
for delivering chemotherapeutic drugs, gene therapies, and even enabling modalities like
photothermal and photodynamic therapy [5]. Figure 1 shows the contribution of NPs in
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nanomedicine, highlighting their roles in cancer imaging and therapy. It illustrates how
NP design (e.g., size, shape, and surface functionalization) enables targeted drug delivery,
enhances imaging (e.g., Magnetic Resonance Imaging (MRI), Computed Tomography
(CT), and Positron Emission Tomography (PET) contrast agents, and fluorescent labels),
and supports therapeutic applications like photothermal therapy, photodynamic therapy,
radiotherapy, chemotherapy, and gene therapy.

Figure 1. Contribution of NPs in nanomedicine for cancer imaging and therapy.

Despite the promise of NPs, their design, optimization, and translation into clinical
applications remain challenging. The interactions of NPs with biological systems are highly
complex and dynamic, influenced by numerous factors including size, shape, surface
charge, and the biological environment [6]. Understanding these interactions at both the
cellular and systemic levels is crucial for developing effective nanomedicine strategies.
However, experimental approaches alone often fall short due to time, cost, and the com-
plexity of biological systems. This is where computational techniques, particularly Monte
Carlo (MC) simulations, play a pivotal role [7].

MC simulations have emerged as a powerful computational tool in biomedical re-
search [8], providing stochastic methods to model complex systems and predict the behavior
of NPs under various conditions. These simulations are particularly valuable in studying
the interactions of NPs with tissues and cells, optimizing dosimetry in cancer therapy,
and improving medical imaging techniques [9]. By simulating the probabilistic nature of
particle interactions, MC methods enable researchers to explore a vast parameter space,
optimize NP designs, and predict outcomes that would be difficult or impossible to achieve
through experimental means alone [10].

The objective of this topical review is to provide a comprehensive overview of the
applications of MC simulations in the field of nanomedicine, with a focus on their role in
advancing cancer imaging and therapy. We will examine the principles of MC methods,
discuss their use in modeling NP behavior, and highlight studies that demonstrate their
impact on improving cancer diagnostics and treatment. Beyond summarizing current
advancements, this review aims to serve as a roadmap for researchers, outlining the future
directions and emerging opportunities in NP research using MC simulations. By offering a
prospective view, we hope to guide the development of more effective, personalized, and
clinically translatable nanomedicine strategies through the continued evolution of these
powerful computational tools.
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2. MC Simulations: Fundamentals and Applications

2.1. Principles of MC Methods

MC methods are a class of computational algorithms that rely on repeated random
sampling to obtain numerical results. These methods are particularly effective for solving
problems that are deterministic in nature but analytically intractable due to their complex-
ity [11]. MC simulations are widely used in scenarios where the solution involves a large
number of variables or uncertain inputs, making direct computation impractical.

At its core, the MC method involves three fundamental steps: (1) Problem defini-
tion: The problem is framed in terms of a probabilistic model. This typically involves
defining the input variables, their probability distributions, and the relationships among
them; (2) Random sampling: Random samples are generated from the defined probability
distributions. These samples simulate the stochastic behavior of the system under study;
(3) Computation and aggregation: For each set of sampled inputs, the system’s response or
outcome is calculated [12]. Repeated sampling produces a distribution of outcomes, from
which statistical measures like the mean, variance, or probabilities of specific events can be
estimated. MC methods excel in approximating solutions to high-dimensional integrals,
optimizing complex systems, and modeling random processes [13]. The accuracy of these
simulations improves with the number of samples, following the law of large numbers.
However, the computational cost also scales with the number of simulations, highlighting
the need for efficient sampling techniques and parallel computation [14,15].

MC methods were developed during the 1940s, largely in response to problems en-
countered in nuclear physics [16]. The term “Monte Carlo” was coined by physicists
Stanislaw Ulam and John von Neumann while working on the Manhattan Project [17,18],
referencing the famous Monte Carlo Casino due to the method’s reliance on randomness
and chance [19]. Their work was instrumental in solving neutron transport problems,
which involve tracking the random interactions of particles in a medium. In physics, MC
simulations have since become indispensable for studying systems with many degrees of
freedom, such as molecular dynamics, statistical mechanics, and quantum field theory [20].
They provide critical insights into phenomena like phase transitions, particle behavior, and
radiation transport. In medicine, MC methods are extensively used for modeling the behav-
ior of radiation in biological tissues, which is crucial in fields such as radiation therapy [21]
and medical imaging [22]. For example, in radiation therapy, MC simulations help optimize
treatment plans by accurately predicting the dose distribution within the patient’s body,
ensuring maximum damage to cancerous tissues while sparing healthy ones [23]. Similarly,
in diagnostic imaging techniques like PET and CT scans, these simulations improve image
reconstruction and enhance diagnostic accuracy [24]. Figure 2 illustrates the MC models
for a cone-beam CT and PET detector system, along with their respective phantoms used
for dosimetric measurements.

 

Figure 2. MC models of (a) cone-beam CT detector and Shepp–Logan phantom and (b) PET detection
system and ACR-type phantom. Reproduced from reference [9] under the Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/ (accessed on 9
December 2024)).
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2.2. Role in NP Research

The unique properties of NPs, such as their small size, large surface area-to-volume
ratio, and tunable surface chemistry, have expanded their applications across fields like
medicine, environmental science, and materials engineering [25]. However, understanding
their behavior in complex biological environments is challenging. MC simulations pro-
vide a valuable computational approach to model and predict NP interactions, transport,
dosimetry, and distribution in these systems [26]. In biological environments, NPs interact
dynamically with various entities, including cells, proteins, and other biomolecules. These
interactions are influenced by particle size, shape, surface charge, and the biological mi-
lieu [27]. MC methods are particularly useful for modeling such stochastic interactions.
For example, they can simulate the formation of the “protein corona”—a layer of proteins
that adsorbs onto the NP surface upon entering a biological system [28,29]. The corona
alters the NP’s biological identity, affecting its interactions with cells and biomolecules. MC
simulations model this process by simulating protein adsorption and desorption based on
binding affinities, concentrations, and NP surface properties. These models predict corona
composition and dynamics, providing insights into how it influences cellular interactions
and uptake. MC simulations also help model cellular uptake processes, such as receptor-
mediated endocytosis, by predicting the likelihood and rates of NP internalization [30].
This information is crucial for designing NPs with optimized biological functionality.

Another critical area of NP research involves predicting their transport, distribution,
and accumulation in biological systems. These processes are inherently complex, involving
passive diffusion, active transport, and interactions with biological barriers such as blood
vessels and cell membranes [31,32]. MC simulations enable researchers to model the
random motion of NPs, including their diffusion and transport within the bloodstream.
By simulating these dynamics, researchers can predict how NPs distribute across different
tissues and compartments. MC methods also provide insights into the accumulation of
NPs in specific tissues, such as tumors, by simulating enhanced permeability and retention
(EPR) effects [33]. These predictions are vital for designing NPs that achieve targeted
drug delivery and imaging with minimal off-target effects. MC simulations also offer a
multi-scale modeling framework, connecting molecular-level interactions with macroscopic
bio-distribution patterns [34].

MC simulations play a crucial role in predicting DNA dosimetry and understanding
the mechanisms of DNA damage caused by NPs in NP-enhanced radiotherapy [35,36]
and imaging applications [37]. When NPs, particularly high atomic number (Z) materials
such as gold or platinum, are introduced into biological tissues and exposed to ionizing
radiation, they enhance the local radiation dose through a phenomenon known as the NP
dose enhancement effect [38]. This increased dose can lead to a higher likelihood of DNA
damage, including single-strand and double-strand breaks. MC simulations provide a
detailed framework to model the complex interactions between radiation and matter at
the molecular level [39]. Figure 3 shows the Monte Carlo simulation models of irradiated
single AuNPs of different radii interacting with a DNA molecule. The simulation models
include NPs with radii of 5 nm, 3.97 nm, and 3.15 nm. The red tracks in each subfigures
represent the paths of secondary electrons generated during the simulation, highlighting
the interaction dynamics between the NPs and the DNA molecule. Figure 4 shows the
relationship between electron beam energy (50–200 keV) and the total number of strand
breaks, influenced by the number of AuNPs in the simulation. The volume of gold was
kept constant across all simulations, maintaining a consistent NP concentration. The results
indicate that a higher number of AuNPs leads to more strand breaks, and lowering the
electron beam energy further increases the strand break count [39].
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Figure 3. MC simulation models of irradiated single AuNPs of varying radii interacting with a DNA
molecule. (a) shows a NP with a 5 nm radius, (b) shows a NP with a 3.97 nm radius, and (c) shows a
NP with a 3.15 nm radius. The red tracks in each subfigure represent the paths of secondary electrons
generated during the simulation. Reproduced from reference [39] under the Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/ (accessed on
10 December 2024)).

 

Figure 4. Relationship between total strand breaks and electron energy (keV) is influenced by
the number of AuNPs present. Reproduced from reference [39] under the Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/ (accessed on 9
December 2024)).

By simulating the transport of radiation particles (e.g., photons, electrons) and their
interactions with NPs and surrounding biological material, MC methods can accurately
predict the spatial distribution of energy deposition within the cell nucleus [40]. This
enables precise dosimetric calculations at the DNA scale, allowing researchers to evaluate
the extent and patterns of DNA damage. Such insights are vital for optimizing NP design
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and radiation parameters to maximize therapeutic efficacy while minimizing collateral
damage to healthy tissues.

In FLASH radiotherapy, which involves ultra-high dose rate radiation delivery [41,42],
MC simulations are important in understanding the generation and role of reactive oxygen
species (ROS). ROS, including free radicals such as superoxide and hydroxyl radicals, are
critical mediators of radiation-induced damage in cells [43]. When NPs are present, they
can further enhance ROS production through secondary electron generation, leading to
increased oxidative stress and cellular damage. FLASH radiotherapy has shown potential
for reducing normal tissue toxicity while maintaining tumor control, largely due to its
unique radiobiological effects [44]. However, the underlying mechanisms, including the
interplay between ROS dynamics and ultra-high dose rates, are still under investigation.
MC simulations enable researchers to model the rapid radiation-matter interactions and
the subsequent ROS generation at different spatial and temporal scales. By incorporating
NP-mediated effects into these models, researchers can predict how NPs influence ROS
production and distribution during FLASH radiotherapy. These predictions are critical for
understanding the enhanced therapeutic effects of FLASH in combination with NPs and
for designing optimized treatment strategies. Figure 5 shows the role of MC simulations
in NP research, highlighting their applications in modeling NP interactions, transport,
and radiotherapy effects. The diagram illustrates how MC simulations provide insights
into biological processes like protein corona formation, cellular uptake, and DNA damage,
enabling the optimization of NP design for targeted drug delivery, imaging, and enhanced
therapeutic efficacy.

Figure 5. Role of MC Simulations in NP Research.

2.3. MC NP Model

Accurate modeling of NPs in MC simulations is crucial for understanding their be-
havior in complex biological environments. These models must account for the physical,
chemical, and biological characteristics of NPs and their interactions with cells, tissues, and
biological fluids. Robust MC NP models are essential for applications in imaging, therapy,
and drug delivery, enhancing efficacy and safety [7].

Key aspects of MC NP modeling include incorporating NP-specific properties like
size, shape, density, atomic composition, and surface functionalization. High-Z materials
like gold and bismuth require detailed atomic structure modeling to simulate interactions
with ionizing radiation. The size and shape of NPs influence their transport properties
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and interaction cross-sections, critical for dose enhancement in radiotherapy or contrast
generation in imaging [39]. Surface properties, including charge and functional groups,
determine NP interactions with biological components, such as protein corona formation
or cellular uptake [28,29].

Modeling NP interactions with biological media is critical, as these environments are
highly heterogeneous. MC NP models integrate multiple layers of interaction, simulating
how NPs amplify energy deposition in tissues via photoelectric and Compton effects, and
cellular uptake mechanisms like receptor-mediated endocytosis and passive diffusion. Ad-
vanced MC NP models address the complexity of the tumor microenvironment, including
hypoxia, vascular density, and extracellular matrix stiffness, to simulate NP distribution
and accumulation in tumors accurately.

A significant advancement in NP modeling is the development of multi-scale MC
models, bridging molecular, cellular, and tissue scales [32]. These models simulate radiation
interactions with NPs and biomolecules at the molecular level, NP uptake and intracellular
distribution at the cellular level, and NP transport and interactions within the tumor
microenvironment at the tissue level. Multi-scale MC models predict therapeutic outcomes
by simulating how enhanced energy deposition at the molecular scale translates into
cellular damage and tumor control at the macroscopic level. They also incorporate ROS
production dynamics for accurate predictions of oxidative stress-induced damage.

Despite advancements, challenges remain in modeling the dynamic and heterogeneous
tumor microenvironment and incorporating biological processes like NP aggregation,
clearance, and immune responses. Hybrid models combining MC methods with agent-
based modeling and machine learning hold promise for addressing these challenges [37].

3. NPs in Biomedical Imaging

3.1. Imaging Modalities Enhanced by NPs

NPs have innovated biomedical imaging by enhancing the sensitivity, resolution, and
specificity of various imaging modalities. Their unique physical and chemical properties,
such as high Z, magnetic susceptibility, and tunable optical characteristics, make them
ideal contrast agents in imaging techniques like MRI, Magnetic Particle Imaging (MPI), CT,
PET, and optical imaging [45]. These advancements have significantly improved disease
diagnosis, monitoring, and treatment planning.

In MRI, NPs, particularly superparamagnetic iron oxide nanoparticles (SPIONs), are
employed as contrast agents to improve image contrast in soft tissues [46]. Their magnetic
properties influence the relaxation times of nearby hydrogen protons, enhancing the visibil-
ity of specific tissues or pathological regions [47]. MPI, another imaging modality, leverages
the unique magnetic properties of SPIONs to directly image their spatial distribution with
high sensitivity and resolution, providing quantitative and real-time imaging capabilities
without background noise from biological tissues. Similarly, in CT, high-Z NPs, such as
gold or bismuth, serve as contrast agents by amplifying X-ray attenuation. This results
in higher-contrast images with improved differentiation between tissues, enabling more
precise detection of tumors and vascular abnormalities [48]. PET imaging benefits from
NPs functionalized with positron-emitting isotopes. These radiolabeled NPs not only
enhance the imaging signal but also provide a platform for targeted imaging, where NPs
are directed to specific cells or tissues using ligands or antibodies [49]. Figure 6 shows
three radiolabeling techniques using metallic radionuclides like Cu-64, Ga-68, and Zr-89
with NPs. These techniques are post-radiolabeling, pre-radiolabeling, and direct radio-
labeling. This specificity improves the detection of cancerous lesions and metastases. In
optical imaging, quantum dots and other fluorescent NPs offer superior brightness and
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photostability compared to traditional dyes, enabling the real-time imaging of molecular
and cellular processes with high spatial resolution [50].

 
Figure 6. Three common radiolabeling methods involving metallic radionuclides and NPs. Re-
produced from reference [49] under the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/ (accessed on 10 December 2024)).

MC simulations have been pivotal in optimizing the use of NPs across these imaging
modalities. By simulating complex interactions between particles, tissues, and imaging
systems, MC methods enable the evaluation of imaging performance under various condi-
tions. For example, in CT imaging, MC simulations help optimize NP concentration and
distribution to maximize contrast while minimizing radiation dose [51,52]. In PET, simu-
lations aid in determining optimal isotope loading on NPs for improved signal-to-noise
ratios and reduced patient exposure to radioactivity [53]. Case studies have demonstrated
the power of MC simulations in refining imaging strategies. For example, in MRI, sim-
ulations have been used to model the distribution of SPIONs within tumors, providing
insights into their impact on image contrast and guiding the development of more effi-
cient NP formulations [54,55]. Similarly, in optical imaging, MC simulations have helped
optimize light–tissue interactions, improving the accuracy of fluorescence-based imaging
techniques [56,57].

3.2. MC Simulation in Image Reconstruction

NPs have enhanced biomedical imaging by offering unique optical, magnetic, and ra-
diative properties that innovate imaging modalities such as fluorescence imaging, MRI, and
CT. However, the accurate reconstruction of images involving NPs requires sophisticated
modeling to account for their complex interactions with light, radiation, and biological
tissues. MC simulations have emerged as a tool for tackling these challenges [58]. Figure 7
shows the outcomes of various MC methods in image reconstruction. Two MC techniques,
namely, common MC dropout and the innovative MC-Arbitrary Scan Masking (ASM),
enhanced image reconstructions of MRI, CT, and PET compared to the control groups. The
MC-ASM algorithm is a novel approach that combines MC sampling with a dynamic scan-
masking strategy to selectively mask input data, thereby simulating arbitrary sampling
patterns. This method integrates with deep learning models to account for variability in
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scan data, allowing for more robust and accurate reconstructions even under sparse or
incomplete sampling conditions. Notably, the MC-ASM method, leveraging its ability to
mimic real-world noise and data irregularities, delivered the best performance, achieving
superior image quality and resolution across imaging modalities. The Structural Similarity
Index Measure (SSIM) in Figure 7B is a metric that evaluates the quality of an image by
comparing its structural, luminance, and contrast similarities to a reference image. The
dashed line in Figure 7B indicates the maximum SSIM value in the plot. Unlike traditional
metrics like Mean Squared Error (MSE), SSIM aligns closely with human visual perception,
with values ranging from −1 to 1, where 1 indicates perfect similarity.

 
Figure 7. (A) Visualized samples of uncertainty maps generated by the MC dropout and MC-ASM,
along with the corresponding error maps. (B) Quantitative comparison between (1) Arbitrary-
Masked Mamba-based model (MambaMIR) without MC-ASM or MC dropout (control group),
(2) MambaMIR with MC-ASM, and (3) MambaMIR with MC dropout across three datasets. Re-
produced from reference [58] under the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/ (accessed on 10 December 2024)).

NPs can enhance imaging signals, but noise from scattering, absorption, and back-
ground interference often reduces the clarity of reconstructed images. MC simulations
provide a robust framework for modeling these interactions at a microscopic level, enabling
the separation of NP-specific signals from background noise. For example, in fluorescence
imaging, MC simulations accurately model the scattering of emitted photons in tissues,
improving signal detection and localization [59]. When coupled with NP-based fluorescent
probes, this approach achieves a higher signal-to-noise ratio, critical for detecting tumors
at early stages [60]. In photoacoustic imaging, NPs such as gold nanorods serve as contrast
agents by efficiently converting absorbed light into acoustic waves [61]. MC simulations
help optimize the laser parameters and NP distribution to maximize signal strength while
minimizing noise, resulting in clearer reconstructed images [62]. These simulations are
particularly valuable in scenarios where noise dominates due to tissue heterogeneity or
low NP concentrations.

The unique physical properties of NPs, such as their ability to selectively accumulate
in tumor tissues (via enhanced permeability and retention effects), inherently enhance
imaging contrast. MC simulations amplify this advantage by providing precise models of
NP behavior in biological environments. For example, in MRI, SPIONs serve as contrast
agents by altering the local magnetic field [63]. MC-based models simulate these magnetic
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perturbations to refine image reconstruction algorithms, thereby improving contrast be-
tween tumor and healthy tissues. Similarly, in CT imaging, NPs like gold exhibit high
X-ray attenuation coefficients, offering superior contrast compared to traditional agents.
MC simulations model the intricate interactions between X-rays, NPs, and tissues, enabling
enhanced resolution and structural delineation in reconstructed images [64]. These ad-
vancements allow for the visualization of microvascular details and early-stage tumor
boundaries that would otherwise be undetectable.

4. NPs in Cancer Therapy

4.1. Radiotherapy and Radiosensitization

Radiotherapy is a cornerstone of cancer treatment, using ionizing radiation to dam-
age the DNA of cancer cells and inhibit their proliferation [65]. However, the efficacy of
radiotherapy can be limited by the inherent radioresistance of tumors and the collateral
damage to surrounding healthy tissues [66]. The introduction of NPs, particularly gold
nanoparticles (AuNPs), has transformed radiotherapy by acting as potent radiosensitiz-
ers. These NPs amplify radiation effects within tumors, offering enhanced therapeutic
outcomes [67]. MC simulations play a pivotal role in optimizing the use of AuNPs in
radiotherapy, particularly for dosimetry and treatment planning.

AuNPs have emerged as highly effective radiosensitizers due to their unique phys-
ical and chemical properties. Their high atomic number (Z = 79) results in a significant
photoelectric absorption cross-section, particularly under low-energy X-rays, which leads
to the generation of secondary electrons, Auger electrons, and free radicals [68]. These
reactive species cause localized damage to cancer cells, enhancing the therapeutic efficacy of
radiation treatments. In addition to their physical properties, AuNPs can be functionalized
with targeting ligands, such as antibodies or peptides, to selectively accumulate in tumors
via active targeting mechanisms [5,69]. This selective accumulation minimizes radiation
exposure to healthy tissues, reducing side effects. Studies have shown that AuNPs enhance
the radiation dose delivered to tumors by up to several fold, particularly in photon-based
therapies [70].

The precise application of AuNPs in radiotherapy relies heavily on accurate dosimetry
and treatment planning. MC simulations are vital in this context, as they provide a de-
tailed stochastic modeling of radiation transport and interactions within tissues containing
NPs [71]. These simulations account for the physical properties of AuNPs, including their
size, shape, concentration, and spatial distribution, as well as their interaction with different
radiation types, such as photons, electrons, or protons. MC-based nanodosimetry enables
the quantification of enhanced dose deposition in tumor tissues due to the presence of
AuNPs [72]. For example, MC simulations have demonstrated that NP clusters amplify
dose heterogeneity within tumors, offering insights into optimizing radiation delivery [73].
Furthermore, these simulations assist in identifying optimal radiation energies that maxi-
mize the NP-induced dose enhancement while minimizing damage to surrounding healthy
tissues [74]. In treatment planning, MC methods integrate biological factors, such as the
radiosensitivity of tumors and the oxygenation status, with NP distributions to develop
personalized radiotherapy protocols [75]. This capability allows for precise tailoring of
radiation dose and beam configuration to maximize therapeutic benefits. Figure 8 shows
the relationship between the dose enhancement ratio (DER) and skin target thickness,
taking into account different AuNP concentrations, with 105 and 220 kVp photon beams.
The AuNP concentration is chosen based on the levels used in small-animal experiments.
It reveals that, for 220 kVp photon beams, the dose enhancement factor remains largely
unaffected by skin target thickness when AuNP concentrations range from 3 to 40 mg/mL.
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Conversely, for 105 kVp photon beams, the enhancement factor increases as the target
thickness decreases, especially when the NP concentration is above 18 mg/mL [74].

Figure 8. Relationship between the dose enhancement ratio (DER) and skin target thickness with vary-
ing concentrations of AuNPs using 105 and 220 kVp photon beams. Reproduced from reference [74]
under the Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/ (accessed on 10 December 2024)).

4.2. Photothermal and Photodynamic Therapy

Photothermal therapy (PTT) and photodynamic therapy (PDT) are cutting-edge cancer
treatments that utilize the unique interactions between light and NPs to achieve localized
tumor destruction. In PTT, NPs absorb near-infrared (NIR) light and convert it into heat,
leading to thermal ablation of cancer cells. In PDT, light activation of NPs or photosen-
sitizers generates ROS, which cause oxidative damage to tumor tissues. Both therapies
benefit immensely from computational modeling and simulation, particularly for opti-
mizing thermal effects, ROS generation, and dose delivery [76]. MC simulations play a
critical role in these processes by providing insights into light–tissue interactions and the
spatial–temporal dynamics of treatment.

The effectiveness of PTT hinges on the ability to generate sufficient heat to cause
irreversible tumor cell damage while sparing surrounding healthy tissues. AuNPs, carbon-
based nanostructures, and other plasmonic materials are widely employed in PTT due to
their efficient light absorption and photothermal conversion properties [77]. To predict and
optimize thermal effects, MC simulations model the transport of light in heterogeneous
biological tissues, considering scattering, absorption, and NP distribution. Simulations also
account for heat diffusion dynamics, enabling precise predictions of temperature elevation
in the targeted region [78]. These models incorporate factors such as laser wavelength,
power density, NP concentration, and tumor geometry to achieve controlled and uniform
thermal ablation. In PDT, the generation of ROS, particularly singlet oxygen, is the primary
mechanism for inducing tumor cell apoptosis. MC simulations model the propagation and
absorption of light within tissues, ensuring the sufficient activation of photosensitizers
localized in tumors [79]. Moreover, these simulations predict the spatial distribution of
ROS and their diffusion in tissue microenvironments, which is critical for maximizing
therapeutic effects while minimizing off-target oxidative damage [80].
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The success of PTT and PDT depends on precise dose and temperature optimization.
MC simulations assist in determining the ideal light dosimetry for NP activation. In PTT,
these simulations guide the selection of laser parameters, such as fluence rate and exposure
duration, to achieve tumor-specific heating thresholds without causing thermal damage to
adjacent healthy tissues [81]. Figure 9 shows the temperature distribution in the YZ plane
of normal and tumor tissue at 200 and 600 s after laser irradiation, with the distribution
radius ratio of AuNPs (ϕdrr) = 1, three injections, and a laser power of 50 mW at 1064 nm.
The black box indicates tumor tissue. After 600 s, the temperature was higher than at 200 s.
Approximately 96% of the tumor volume reached the apoptosis temperature range at 200 s,
and 94% at 600 s. However, normal tissue beneath the tumor reached around 48.5 ◦C after
600 s, risking thermal damage [81].

 

Figure 9. Temperature distribution of the medium (ϕdrr = 1, 3 AuNP injections, Pl = 50 mW).
Reproduced from reference [81] under the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/ (accessed on 10 December 2024)).

For PDT, MC-based models integrate photosensitizer photophysics, tissue oxygena-
tion, and light propagation to optimize the generation and diffusion of ROS. Simulation
studies reveal the influence of tumor hypoxia—a common challenge in PDT—on treatment
efficacy and help design strategies such as fractionated light delivery or oxygen supple-
mentation to overcome these limitations [82]. Furthermore, hybrid PTT-PDT approaches,
which combine the thermal and oxidative effects of NPs, have gained attention for syn-
ergistic cancer therapy [83]. MC simulations are instrumental in evaluating the interplay
between heat generation and ROS dynamics, enabling comprehensive treatment planning
that advantages the strengths of both modalities.

5. Synergistic Applications

The integration of imaging and therapeutic functionalities into single NP systems,
known as theranostics, represents a transformative approach in nanomedicine [84]. Thera-
nostic NPs enable simultaneous cancer diagnosis, the real-time monitoring of therapeutic
delivery, and effective treatment, creating opportunities for personalized medicine [5].
Figure 10 shows that various functional groups, including PEG, ssDNA, antibodies, pep-
tides, drugs, fluorescence markers, and siRNA, can be attached to the particle surface to
enable both imaging and therapeutic functions in cancer nanotheranostics.

MC simulations play an important role in optimizing the design and application
of dual-function NP systems, ensuring their efficacy in both imaging and therapy [85].
Theranostic NPs combine diagnostic imaging modalities such as MRI, CT, or fluorescence
imaging with therapeutic functions like PTT, PDT, or drug delivery. For example, AuNPs
functionalized with fluorescent dyes can enable high-resolution tumor imaging while
simultaneously inducing photothermal ablation upon NIR light exposure [86]. Similarly,
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iron oxide NPs can serve as contrast agents for MRI and be employed for hyperthermia-
based cancer therapy [47,63]. One key advantage of theranostic NPs is their ability to
localize and act specifically within tumor tissues through passive mechanisms (e.g., EPR
effect) or active targeting via ligand-receptor interactions. This targeted dual functionality
enhances therapeutic efficacy while minimizing off-target effects [87].

Figure 10. Depiction of an AuNP for theranostic applications. Reproduced from reference [5] under
the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/
by/4.0/ (accessed on 10 December 2024)).

MC simulations are essential in the development and optimization of dual-function
NP systems. By modeling the complex interactions of NPs with biological tissues, radia-
tion, and light, MC simulations provide insights into the behavior of theranostic agents
under various physiological and therapeutic conditions. In imaging, MC simulations
help evaluate the signal generation capabilities of NPs across different modalities. For
example, in fluorescence imaging, MC models account for light scattering, absorption,
and NP emission, optimizing the contrast and resolution [88]. In CT or MRI, simulations
analyze NP interactions with X-rays or magnetic fields to enhance image quality while
minimizing exposure to ionizing radiation or optimizing magnetic field parameters [89].
For therapeutic applications, MC simulations model the deposition of energy within tumor
tissues, whether from thermal energy in PTT, ROS in PDT, or radiation in NP-enhanced
radiotherapy [90]. In dual-function systems, these simulations address the interplay be-
tween imaging and therapeutic mechanisms, ensuring that the NPs perform both roles
effectively without compromising one for the other [91]. Furthermore, MC studies enable
the optimization of NP properties such as size, shape, composition, and functionalization.
They also provide insights into the bio-distribution and clearance of theranostic agents,
ensuring safety and efficacy in clinical applications. For example, MC simulations can
guide the design of NPs with optimal optical or radiative properties for imaging while
maintaining the necessary energy absorption characteristics for therapy [92].

6. Challenges and Future Directions

MC simulations have been instrumental in advancing cancer imaging and therapy by
providing detailed insights into the complex interactions of NPs within biological systems.
However, several challenges continue to limit their effectiveness, and emerging trends
and technologies present opportunities for significant advancements. One of the major
challenges in MC simulation lies in modeling the intricate biological complexity of the
tumor microenvironment [93]. Tumors exhibit heterogeneous cellular structures, dynamic
vasculature, and immune interactions that are difficult to replicate with current simulation
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capabilities [94]. Simplifications in models can lead to discrepancies between simulations
and real-world biological behavior. In addition, the scarcity of reliable biological and
physicochemical data at the nanoscale hinders accurate calibration and validation of simu-
lations. Computational intensity remains a significant barrier, as MC simulations require
vast numbers of iterations to produce statistically robust results, which is particularly
demanding for high-resolution geometries or multiphysics modeling [95]. Bridging the
gaps between disciplines, such as computational science, biology, and physics, is another
ongoing challenge that limits the practical application of MC simulations in nanomedicine.

Recent advances in NP design, simulation technology, and novel methodologies
are beginning to address these challenges. Hybrid models that integrate MC methods
with deterministic approaches, such as finite element methods or machine learning algo-
rithms, offer a way to simulate complex systems more efficiently [96]. In parallel, FLASH
radiotherapy—a novel technique that delivers ultra-high-dose radiation in extremely short
bursts—has emerged as a promising cancer therapy [41,42]. MC simulations are being
adapted to model the unique physical and biological effects of FLASH radiotherapy, in-
cluding its ability to spare normal tissues while maintaining tumor control [97,98]. This
requires MC simulations to evolve to capture ultrafast dynamics and high-dose deposition
patterns with unprecedented precision.

Another important development is the application of quantum computing to MC
simulations. Quantum algorithms have the potential to drastically reduce computational
time by efficiently solving complex probabilistic problems inherent in MC methods [99].
By harnessing quantum superposition and entanglement, researchers could simulate larger
systems at atomic and molecular scales, enabling more detailed studies of NP interactions
within biological environments. Quantum computing could also facilitate the development
of patient-specific simulations by processing vast datasets, such as those derived from
multi-omics and imaging studies, much faster than classical computers [100].

The integration of big data and high-performance computing further enhances the
clinical relevance of MC simulations. Advances in artificial intelligence and machine
learning allow simulations to incorporate large-scale experimental datasets for model
refinement [101]. This is particularly valuable for designing multifunctional NPs with
specific therapeutic and diagnostic properties. Simulations are also increasingly being
used to predict the behavior of these NPs in personalized scenarios, optimizing their
bio-distribution, dosimetry, and therapeutic efficacy [102].

The translation of these advancements to clinical applications offers exciting opportuni-
ties for personalized nanomedicine. MC simulations can guide the design of patient-specific
treatments, tailoring NP formulations to optimize outcomes while minimizing side effects.
For example, integrating FLASH radiotherapy with personalized dosimetry could revolu-
tionize cancer therapy by providing highly effective treatments with reduced toxicity [103].
Furthermore, MC simulations could streamline clinical trials by predicting outcomes and
optimizing protocols, reducing the need for extensive preclinical testing. These simulations
also hold potential for aiding regulatory processes by providing robust safety and efficacy
data for emerging nanotherapies [104,105]. Table 1 outlines the key limitations of current
MC simulation techniques in cancer imaging and therapy, alongside emerging technologies
and methodologies aimed at addressing these challenges to enhance clinical translation
and personalized nanomedicine.
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Table 1. Summary of challenges and future directions for MC simulations in nanomedicine.

Aspect Challenges Future Directions

Modeling Biological
Complexity

Simplified representations of tumor
microenvironments lead to inaccuracies.
Limited understanding of dynamic
vasculature and immune responses.

Develop high-fidelity models incorporating
dynamic and heterogeneous
biological interactions.
Leverage experimental data from advanced
imaging and omics technologies for
model refinement.

Data Scarcity
and Quality

Lack of reliable physicochemical and
biological data at the nanoscale
hinders calibration.
Incomplete datasets limit validation.

Integrate large-scale datasets (e.g., multi-omics,
imaging) for improved accuracy.
Use artificial intelligence and machine learning
to bridge data gaps and improve
prediction accuracy.

Computational
Intensity

High computational demands for
detailed simulations.
Difficulty modeling complex geometries
and ultrafast dynamics in a
feasible timeframe.

Adopt quantum computing to enhance
computational efficiency.
Utilize hybrid models combining MC
simulations with deterministic methods or
artificial intelligence algorithms.
Leverage high-performance and
cloud computing.

Emerging Treatment
Techniques

Lack of established simulation methods for
novel therapies like FLASH radiotherapy.
Difficulty adapting existing models to
capture ultrafast dynamics.

Develop specialized MC simulation
frameworks to model FLASH radiotherapy.
Incorporate ultrafast radiation dose deposition
and biological response dynamics
into simulations.

NP Design

Challenges in predicting interactions of
multifunctional or novel NPs.
Limited capability to simulate complex
theranostic agents.

Simulate advanced NP designs, including
multifunctional and biodegradable systems.
Incorporate molecular-level interactions to
refine predictions.

Clinical Translation

Bridging the gap between simulation
outcomes and real-world applicability
remains difficult.
Regulatory hurdles due to limited
simulation validation for clinical use.

Use patient-specific data to guide personalized
treatment designs.
Streamline clinical trials by using MC
simulations for prediction and optimization.
Support regulatory approval with robust data.

Interdisciplinary
Gaps

Limited collaboration among computational
scientists, biologists, and physicists.
Knowledge silos hinder integrated
approaches to complex problems.

Foster interdisciplinary research collaborations.
Develop standardized frameworks and
protocols for MC simulations in nanomedicine.

7. Conclusions

MC simulations have emerged as powerful tools in advancing NP-based applications
for cancer imaging and therapy. This review highlights the pivotal role of MC simula-
tions in unraveling complex biological interactions, optimizing NP design, and enhancing
treatment precision. By providing a probabilistic framework to model the stochastic na-
ture of NP behavior in biological systems, MC simulations have become indispensable
for simulating processes such as drug delivery, radiation dosimetry, and bio-distribution
with remarkable accuracy. Despite current limitations, including challenges in modeling
biological complexity, computational intensity, and data scarcity, MC simulations continue
to drive progress in nanomedicine. Emerging technologies, such as hybrid modeling ap-
proaches, high-performance computing, and quantum algorithms, promise to overcome
these barriers. Furthermore, innovations like FLASH radiotherapy and multifunctional
theranostic NPs are pushing the boundaries of MC simulations, enabling the exploration
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of novel therapeutic paradigms and clinical applications. The transformative potential of
MC simulations lies in their ability to bridge fundamental research and clinical practice.
As these simulations become increasingly integrated with patient-specific data, they offer
the possibility of personalized nanomedicine, where treatments are tailored to individual
physiological and genetic profiles. Moreover, their role in streamlining clinical trials and
supporting regulatory approval processes underscores their importance in accelerating the
translation of nanotechnology-based therapies to the clinic.

In conclusion, MC simulations represent a cornerstone of modern nanomedicine, with
the capacity to revolutionize cancer diagnostics and therapy. Continued advancements
in simulation techniques, interdisciplinary collaboration, and integration with emerging
technologies will ensure that MC simulations remain at the forefront of innovation, paving
the way for more precise, effective, and accessible healthcare solutions.
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