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Background: Triple-negative breast cancer (TNBC) is characterized by ag-

gressive growth, early metastasis, and limited targeted therapeutic options.

Our research on the ZnO quantum dot-based nanodrug was initially con-
) ) ducted using the first formulation, ZF-148, which was evaluated both in vitro
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112, in the 4T1 breast cancer cell line and in vivo in animal models using both oral

Histopathological Safety in the 4T1 Murine
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and injectable administration approaches. The initial preclinical findings were
published in 2022, and the formulation was subsequently protected by a pa-
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ued through additional animal studies designed to obtain further evidence of
antitumor activity, survival benefit, and histopathological effects. In the sub-
sequent stage of this research program, the formulation was designated ZF-
148-2 for the current series of preclinical studies. Thus, ZF-148 and ZF-148-2
refer to the same underlying therapeutic formulation and represent successive
stages of its preclinical investigation rather than different drug formulations.
The present study reports recent findings obtained with ZF-148-2, particularly
in the 4T1 murine breast cancer model, with the aim of further expanding the
preclinical evidence base and supporting the continued translational develop-
ment of this nanodrug toward clinical evaluation for breast cancer. Methods:
The cytotoxic effect of ZF-148-2 was assessed in MCF-7 breast cancer cells
using the MTT assay after 48 h of treatment. For the in vivo study, 1 x 10°4T1
cells were inoculated subcutaneously into the flank of female BALB/c mice.
Tumor-bearing animals were allocated to a vehicle control group (n=4) or a
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ZF-148-2 treatment group receiving 70 mg/kg by intratumoral injection every
other day (n = 6). Tumor dimensions, clinical condition, and survival were
monitored throughout the study. Tumors and major organs were subsequently
examined histopathologically using hematoxylin and eosin staining. Results:
In the recent preclinical studies of ZF-148-2, the nanodrug demonstrated con-
centration-dependent cytotoxic activity against breast cancer cells, with an es-
timated ICso of approximately 4.0 mg/L. Tumor growth was markedly sup-
pressed in treated mice. The mean individual tumor growth rate decreased
from 0.491 + 0.043 mm?*/day in the control group to 0.040 £ 0.068 mm?/day
in the treatment group (P < 0.0001). Treatment also significantly prolonged
survival, with median survival increasing from 24 days in control animals to
42 days in treated animals (log-rank P = 0.0018). Control tumors were com-
posed predominantly of densely packed viable malignant cells with high cel-
lularity and limited spontaneous necrosis. In contrast, treated tumors exhib-
ited marked architectural disruption, reduced viable tumor-cell density, ex-
tensive degenerative and coagulative necrotic changes, inflammatory-cell in-
filtration, and only residual islands of viable neoplastic cells. Histological ex-
amination of the liver, kidney, lung, spleen, heart, stomach, and brain revealed
preserved tissue architecture and no significant treatment-related organ tox-
icity. Conclusion: Intratumoral administration of ZF-148-2 produced a pro-
nounced antitumor effect in the 4T1 murine breast cancer model, as demon-
strated by a highly significant reduction in tumor growth rate and a substantial
extension of survival. The marked architectural destruction and extensive ne-
crotic changes observed in treated tumors, together with the preservation of
normal histological architecture in the examined major organs, provide com-
plementary evidence of therapeutic activity without detectable major-organ
toxicity under the conditions of this study. These findings demonstrate a fa-
vorable therapeutic profile of ZF-148-2 in this aggressive breast cancer model
and substantially strengthen the current preclinical evidence supporting its
continued development. Further adequately powered studies addressing dose-
response relationships, pharmacokinetics, biodistribution, direct mechanistic
validation, and local injection-site safety will be important to define the trans-
lational profile of the nanodrug and support its progression toward clinical
evaluation for breast cancer.
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1. Introduction

Breast cancer remains one of the most important causes of cancer-related mor-
bidity and mortality worldwide. Despite substantial progress in surgery, chemo-
therapy, endocrine therapy, targeted therapy, and immunotherapy, treatment of

aggressive breast cancers remains challenging because of tumor progression, met-
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astatic dissemination, recurrence, and therapeutic resistance. These limitations
have stimulated the development of nanomedicine as a complementary and po-
tentially alternative therapeutic approach. In particular, inorganic nanoparticles
have attracted considerable attention because some nanomaterials can exert in-
trinsic biological effects rather than functioning exclusively as carriers for conven-
tional anticancer drugs [1]-[3]. Metal and metal-oxide nanoparticles constitute an
important group of experimental nanotherapeutics investigated in cancer re-
search. Zinc oxide (ZnO), titanium dioxide (TiO,), iron-oxide, gold, and other
inorganic nanomaterials have been evaluated in breast cancer models because
their nanoscale physicochemical properties can influence reactive oxygen species
(ROS) generation, oxidative stress, mitochondrial function, apoptosis, cell-cycle
regulation, cellular uptake, and interactions with the tumor microenvironment
[2]-[5]. However, the biological activity of inorganic nanoparticles is strongly in-
fluenced by particle size, morphology, surface chemistry, formulation, dose, and
administration route. Consequently, progression from 7n-vitro experiments to an-
imal studies is an essential stage in determining whether a nanomaterial has suf-
ficient therapeutic potential for further development. Among metal-oxide nano-
materials, ZnO has received considerable attention because of its physicochemical
characteristics, relatively accessible synthesis, semiconductor properties, and na-
noscale surface reactivity. Early investigations demonstrated preferential cyto-
toxic effects of ZnO nanoparticles (NPs) toward cancer cells and associated these
effects with oxidative stress, ROS generation, mitochondrial dysfunction, and
apoptotic pathways [4] [5]. These findings established a scientific basis for inves-
tigating ZnO as an active anticancer nanomaterial rather than merely as a drug-
delivery vehicle. Further reduction of particle dimensions to the quantum-dot
range provides ZnO with distinctive nanoscale characteristics, including a very
high surface-to-volume ratio and size-dependent physicochemical behavior. These
properties have stimulated investigation of ZnO quantum dots (ZnO QDs) for
biomedical and anticancer applications. In breast cancer, human breast cancer cell
lines MCF-7 and MDA-MB-231 cells have been among the important experi-
mental models used to evaluate the biological activity of ZnO QDs. Roshini et al.
reported that ZnO QDs produced concentration-dependent cytotoxic and anti-
proliferative effects against MCF-7 and MDA-MB-231 cells, accompanied by apop-
tosis, nuclear fragmentation, cell-cycle effects, and inhibition of cellular migration
[6]. Independent studies using ZnO nanoparticles have likewise reported signifi-
cant biological activity against MCF-7 breast cancer cells, further supporting the
investigation of ZnO-based nanomaterials in breast cancer [7] [8]. The field has
subsequently progressed from conventional breast cancer cell lines toward more
complex experimental systems. The 4T1 murine mammary carcinoma model is
particularly useful because it represents an aggressive mammary tumor that can
grow rapidly and spontaneously metastasize in immunocompetent BALB/c mice
[9]. Consequently, the 4T1/BALB/c model provides an important experimental

bridge between in-vitro cytotoxicity and more advanced preclinical evaluation of
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breast cancer therapeutics. Several independent investigations have examined in-
organic nanomaterials in breast cancer animal models. Hong et a/ developed red-
fluorescent ZnO nanoparticles and evaluated their pharmacokinetic and tumor-
targeting behavior in mice bearing 4T1 breast tumors, demonstrating tumor-as-
sociated localization of the ZnO-based nanosystem [10]. Iqbal ef al subsequently
evaluated biosynthesized TiO, nanoparticles against 4T1 breast cancer cells and
in BALB/c mice bearing subcutaneous 4T1 tumors. Their study demonstrated tu-
mor-growth inhibition and incorporated investigations of oxidative stress, apop-
tosis, hemocompatibility, and systemic safety [11]. These studies provided im-
portant evidence that metal-oxide nanomaterials can progress beyond cellular
breast cancer experiments into immunocompetent animal models. Other classes
of inorganic nanomaterials have also been investigated in experimental breast
cancer. Fe;O, magnetic nanoparticles have been evaluated in 4T1 tumor-bearing
mice for therapeutic delivery and immunomodulatory applications, including in-
hibition of tumor growth and spontaneous pulmonary metastasis [12]. Gold na-
noparticle-based therapeutic systems have also been investigated in immunocom-
petent 4T1 models, including approaches combining tumor-directed radiation
with immune checkpoint inhibition [13]. In addition, carbon nanotube-based
nanocarriers have been investigated for anticancer drug delivery in animal mod-
els, demonstrating the broader potential of nanoscale inorganic platforms in
breast cancer treatment [14]. Collectively, these studies establish that nanomedi-
cine research in breast cancer has expanded from simple cellular cytotoxicity to-
ward tumor targeting, therapeutic delivery, immune modulation, and in-vivo ef-
ficacy evaluation. Quantum-dot-based semiconductor approaches represent an-
other important area of nanomedicine research. Their physicochemical properties
can be strongly affected by nanoscale dimensions, and quantum dots have there-
fore been investigated for cancer imaging, detection, drug delivery, photodynamic
applications, and experimental therapy. Recent literature has reviewed the appli-
cation of quantum dots in breast cancer and emphasized both their potential ther-
apeutic utility and the continuing importance of systematic biological and safety
evaluation [15]. Within this broader field, ZnO QDs are particularly interesting
because the nanomaterial itself can participate in biological responses and there-
fore may function as an active nanotherapeutic component. Within this scientific
context, our research group has conducted a long-term program investigating
ZnO quantum dots as active nanotherapeutic materials. The initial studies demon-
strated the in-vitro cytotoxic effects of modified ZnO QDs against MCF-7 breast
cancer cells and established an experimental foundation for the biological appli-
cation of modified ZnO quantum dots [16]. This research was subsequently ex-
tended to new ZnO nanoformulations and Ag/Fe/ZnO nanocomposites, with
their cytotoxic effects evaluated against MCF-7 breast cancer cells [17]. These in-
vestigations represented successive stages in the development and biological eval-
uation of ZnO-based nanomaterials. The research program was subsequently ex-

panded to investigate ZnO QDs against several cancer-cell models together with
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in-vivobiological evaluation [18]. Importantly, the breast cancer research was fur-
ther developed through investigation of novel ZnO quantum-dot nanoparticles
against breast cancer stem-like-cell-enriched mammospheres. This work exam-
ined biological responses associated with proliferation, apoptosis, stemness-re-
lated characteristics, and relevant signaling pathways [19]. The investigation of
breast cancer stem-like cells represented an important extension of the earlier
MCEF-7 studies because these cellular populations are associated with tumor initi-
ation, recurrence, metastatic behavior, and resistance to therapy. The next stage
of the research program involved transition from cell-based experiments to an
animal breast cancer model. A ZnO-QD-based nanomedicine was evaluated in
BALB/c mice bearing 4T1 tumors without conventional chemotherapy [20]. This
study represented an important progression of the ZnO-QD research from in-
vitro breast cancer models toward in-vivo therapeutic evaluation and provided a
preclinical basis for continued investigation of ZnO-QD-based nanomedicine in
the aggressive 4T1/BALB/c model. The biological activity of the broader ZnO-QD
research platform has also been investigated in other experimental malignancies.
ZnO QDs were evaluated in acute promyelocytic leukemia cells, where apoptosis
and PPAR y-associated effects were investigated [21]. More recently, a ZnO-based
nanodrug was evaluated in a C57BL/6 mouse model of lung cancer and was re-
ported to suppress tumor growth and metastasis in association with changes in
CD8" T-cell infiltration and oxidative stress [22]. These studies provide evidence
of the broader experimental investigation of the ZnO-based nanotherapeutic plat-
form across different cancer models. Nevertheless, the translational focus of the
present development program is specifically breast cancer. The present study rep-
resents a further stage in this long-term research pathway and specifically evalu-
ates ZF-148-2, the designation used for the ZnO quantum dot-based nanodrug in
the current stage of its preclinical investigation. ZF-148-2 is the same therapeutic
formulation previously investigated as ZF-148; the change in designation reflects
the successive stage of the research program rather than the development of a dif-
ferent drug formulation. The initial ZF-148 studies included evaluation in the 4T1
breast cancer cell line as well as in-vivo studies using both oral and injectable ad-
ministration approaches. These earlier investigations provided the initial biologi-
cal and preclinical foundation for the subsequent continuation of the research
program. The current work therefore builds upon the accumulated sequence of
studies involving ZnO QDs, MCF-7 breast cancer cells, breast cancer stem-like-
cell populations, and the 4T1/BALB/c animal model [16]-[20]. An important fea-
ture of the present research program is the repeated evaluation of the ZF-148 plat-
form in-vivo. The current investigation constitutes the fifth independent in vivo
study in experimental breast cancer within this research program. Repeated ani-
mal investigations provide an important opportunity to examine the reproduci-
bility of therapeutic responses and to strengthen the preclinical evidence beyond
the findings of a single animal experiment. Accordingly, the present study was

designed to further evaluate ZF-148-2 in the 4T1 murine breast cancer model
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through longitudinal tumor-growth assessment, survival analysis, and detailed
histopathological examination. Together with the accumulated evidence from pre-
vious investigations using oral and injectable administration approaches, the pre-
sent work represents a further step in the long-term preclinical development of
the ZF-148 platform. The continued evaluation of the formulation through com-
plementary preclinical approaches is intended to increase confidence in the repro-
ducibility and safety of the observed therapeutic effects and to provide a stronger
scientific basis for progressing toward ethical approval and, subsequently, clinical

evaluation in a hospital-based setting.

2. Experimental Section

2.1. Fabrication of a Water-Based Nanofluid Formulation as the
Final Anticancer Agent (ZF-148-2 Nanomedicine)

The ZF-148-2 nanomedicine evaluated in the present study represents a continu-
ation of our previously developed ZnO quantum-dot-based nanomedicine plat-
form, originally reported as ZF-148 [20]. The nanomedicine used in the present
investigation was prepared according to the previously established formulation
and preparation procedure described in [20]. To prepare this (nanomedicine for
breast cancer studies, zinc oxide quantum dots and ZnO/polyvinylpyrrolidone)
(ZnO/PVP) nanopolymer are used as the principal active components, as described
in our previous report [20]. These components are formulated into a hydrophilic
nanofluid suitable for experimental use. An ethoxylated alcohol surfactant is used
as a wetting agent, together with polyethylene glycol (PEG, molecular weight
6000) as a co-solvent and linking agent. In addition, an oil-in-water emulsifier
from the sorbitan family is incorporated to facilitate stabilization of the nanopar-
ticles in the aqueous phase. The pH = 7 - 8 of the nanofluid is adjusted appropri-
ately, and the formulation is stirred on a magnetic hot-plate stirrer at low temper-
ature until a homogeneous dispersion is obtained. The resulting nanofluid is sub-
sequently subjected to sonication in an ultrasonic bath for 1 - 2 h. Based on our
previous experimental investigations, the nanofluid has demonstrated favorable
physicochemical and functional characteristics, including good dispersion stabil-
ity, biocompatibility, and antibacterial activity [17]-[22]. No apparent treatment-
related toxicity was observed under the doses and experimental conditions inves-
tigated in the reported studies [17]-[22]. The nanomedicine has also been investi-
gated through different routes of administration in previous experimental studies
[17]-[22]. The present study constitutes a further stage of the ongoing preclinical
investigation of this established nanomedicine, focusing on its antitumor efficacy,
survival benefit, and histopathological safety in the 4T1 murine breast cancer

model.

2.2. Role of Zinc Oxide Quantum Dot Nanoparticles in Cancer
Therapy

ZnO quantum dots (ZnO QDs) can interact closely with cancer cells because of
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their ultrasmall size, high surface-to-volume ratio, and semiconductor nature.
Their nanoscale surface facilitates close interaction with the cancer-cell mem-
brane and, following cellular uptake, provides highly active sites for intracellular
redox reactions. The most important anticancer mechanism is the ability of ZnO
QDs to disturb the intracellular redox balance. Their semiconductor properties
and highly reactive surface can promote electron-transfer reactions and, under
appropriate conditions, generate reactive oxygen species (ROS). Excess ROS causes
oxidative damage to cellular proteins, lipids, DNA, and particularly mitochondria.
Mitochondrial dysfunction can then activate apoptotic signaling and ultimately
lead to cancer-cell death. In parallel, ZnO can undergo partial dissolution in the
intracellular environment and release Zn** ions. Excess Zn** can disturb intracel-
lular zinc homeostasis, mitochondrial function, and redox regulation, thereby re-
inforcing oxidative stress and apoptotic signaling. Therefore, the distinctive anti-
cancer action of ZnO QDs results from the combined effect of quantum-confined
semiconductor behavior, high surface reactivity, ROS generation, and Zn?** re-
lease, leading to oxidative stress, mitochondrial dysfunction, and programmed
cancer-cell death. Their small quantum-dot dimensions are particularly important
because they provide a very large reactive surface relative to the amount of mate-
rial and allow the semiconductor properties of ZnO to become highly relevant at
the cellular scale.

While the ultrasmall size of ZnO quantum dots facilitates close interaction with
and penetration into the tumor microenvironment, their highly reactive semicon-
ductor surface provides the therapeutic engine for redox reactions and ROS gen-
eration. Thus, the synergy between size-dependent accessibility and surface-me-
diated anticancer activity makes ZnO QDs promising candidates for cancer nan-
otherapy. Ultimately, their quantum-confined semiconductor properties, high
surface reactivity, ROS generation, and Zn?' release can converge to induce oxi-

dative stress, mitochondrial dysfunction, and apoptotic death of cancer cells.

2.3. Synergistic Anticancer Mechanism of ZnO Quantum Dot
Nanoparticles (NPs) and ZnO/PVP Nanocomposite in a
Synthetic Nanofluid Medicine

The co-presence of ZnO quantum dots (ZnO QDs) and the ZnO/PVP nanocom-
posite in the nanofluid creates a complementary anticancer system in which two
distinct ZnO-based nanostructures may act together to damage and ultimately de-
stroy cancer cells. The ultrasmall ZnO QDs provide a highly reactive, quantum-
confined semiconductor surface, while the ZnO/PVP nanocomposite provides an
additional ZnO-based active component in which nanosized ZnO NPs are sup-
ported within a PVP (polyvinylpyrrolidone) matrix. Initially, both ZnO QDs and
ZnO/PVP nanocomposite particles may establish close interactions with the can-
cer-cell membrane. Their nanoscale dimensions and accessible ZnO surfaces pro-
mote intimate contact with the cellular membrane and may facilitate cellular in-

ternalization. The PVP matrix helps maintain the ZnO nanoparticles in a stable
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and dispersed state, while the ZnO nanoparticles remain available for interaction
with the cellular environment.

Following cellular internalization, the two ZnO components can participate in
complementary chemical processes. The ZnO surfaces may undergo partial dis-
solution under intracellular biological conditions, resulting in the release of Zn**
ions. At the same time, the highly reactive semiconductor surface of the ZnO QDs
may participate in electron-transfer and redox reactions and promote reactive ox-
ygen species (ROS) generation. The ZnO nanoparticles incorporated into the
ZnO/PVP nanocomposite may additionally contribute ZnO surface activity and
Zn** release. The simultaneous presence of reactive ZnO surfaces, released Zn**,
and ROS may therefore produce substantial intracellular chemical and oxidative
stress. This stress can damage essential cellular structures, including membrane
lipids, proteins, mitochondria, and DNA. Progressive structural damage may dis-
rupt membrane integrity, mitochondrial function, intracellular homeostasis, and
ultimately cellular viability. When the resulting damage exceeds the cellular repair
and antioxidant capacity, apoptotic signaling may be activated and lead to pro-
grammed cell death. Beyond these established ZnO-associated processes, we pro-
pose an additional redox-mediated mechanistic hypothesis that may contribute to
the anticancer activity of the nanofluid. The highly reactive ZnO surfaces and as-
sociated electron-transfer processes may interact with cellular redox-active func-
tional groups, particularly thiol-containing biomolecules and protein disulfide
bonds. Because thiol-disulfide chemistry plays an important role in protein struc-
ture, redox signaling, and intracellular redox homeostasis, perturbation of this dy-
namic equilibrium may provide an additional mechanism through which ZnO
nanostructures alter cellular function. We therefore hypothesize that the ZnO
QD/ZnO-PVP as a hybrid system may influence thiol-disulfide homeostasis
through surface-mediated redox interactions, potentially shifting the balance be-
tween reduced thiol (-SH) and oxidized disulfide (-S-S-) states. Such perturbation
could amplify cellular stress and compromise the structural and functional integ-
rity of critical proteins. The proposed redox-mediated effect may operate together
with Zn?* release and ROS generation rather than independently of them. Their
combined influence may progressively impair protein function, membrane integ-
rity, mitochondrial activity, and intracellular homeostasis. When these disturb-
ances exceed the capacity of the cancer cell to restore its normal biochemical state,
mitochondrial dysfunction and downstream cell-death pathways may ultimately
result in loss of cancer-cell viability and apoptosis. The synergistic effect therefore
arises from the complementary functions of the two ZnO-based nanomaterials.
ZnO QDs provide the ultrasmall, quantum-confined, highly reactive semiconduc-
tor component, whereas the ZnO/PVP nanocomposite provides a separate ZnO-
containing nanostructure in which PVP supports the dispersion and availability
of ZnO nanoparticles. Consequently, both components contribute ZnO-depend-
ent surface reactions and Zn**-related activity, while the exceptional nanoscale

surface reactivity of the QDs provides an additional source of redox activity and
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ROS generation. The combined effects may consequently produce a greater dis-
turbance of the tumor-cell redox and biochemical environment than either com-
ponent alone.

Overall, the proposed mechanism can be summarized as: ZnO QDs + ZnO/

PVP nanocomposite hybrid > membrane interaction - cellular internalization >

ZnO surface reactions + Zn** release > ROS generation and oxidative/chemical
stress > interaction with thiol-containing biomolecules and disulfide bonds > dis-
turbance of thiol-disulfide redox homeostasis > structural and mitochondrial
damage > loss of cellular integrity > activation of cell-death pathways > cancer-
cell death. This proposed mechanism extends the conventional ROS- and Zn**-
centered interpretation of ZnO-mediated anticancer activity by suggesting that
perturbation of cellular thiol-disulfide redox homeostasis may represent an addi-
tional mechanistic layer contributing to the activity of the ZnO QD/ZnO-PVP
nanofluid. This mechanistic concept is proposed as a testable hypothesis and re-

quires direct experimental validation.

2.4. The Synergistic Role of Wetting Agents, PEG, and Sorbitan
Esters in ZF-148-2

The integration of a specialized wetting agent within the nanofluid formulation is
a critical factor in overcoming the biological barriers of the tumor microenviron-
ment. Tumor tissues and cancer cell membranes often exhibit hydrophobic char-
acteristics and irregular surface topographies that can repel aqueous-based treat-
ments. The wetting agent effectively lowers the surface and interfacial tension of
the nanofluid, ensuring uniform spreading and maximum contact area between
the therapeutic agents and the tumor surface. By promoting complete “wetting”
of the lipid bilayer, it ensures that the ZnO Q-dots are not just suspended in the
medium but are in direct, intimate contact with the target cell. This enhanced
coverage acts in synergy with the Sorbitan esters and PEG agents. While the wet-
ting agent ensures the nanofluid “grips” the cell surface, the sorbitan esters begin
to fluidize and destabilize the membrane’s lipid packing, creating nanostructural
defects. Simultaneously, PEG maintains the stability and mono-dispersity of the
particles, preventing them from clustering at the surface. Together, these compo-
nents transform the cell membrane from a rigid barrier into a permeable interface.
This facilitated “opening” allows the ZnO/PVP nanoparticles and ZnO Q-dots to
rapidly penetrate the cytoplasm. Once internal access is achieved, the chemical
mechanism driven by ROS generation and Zn?** release is triggered, leading to the

efficient destruction of the tumor cell from the inside out [17]-[22].

2.5. Proposed in Vivo Trajectory, Tumor Selectivity, and
Microenvironmental Action of ZF-148-2

Following oral administration, ZF-148-2 must pass through a sequence of biolog-
ical environments before reaching systemic circulation. During gastrointestinal

transit, the nanofluid encounters variations in pH, ionic strength, digestive com-
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ponents, mucus, and biological macromolecules. These conditions may dynami-
cally influence the dispersion, interfacial organization, and biological availability
of the nanostructures. The ability of the formulation to maintain an appropriate
dispersed state during this process is therefore an important determinant of sub-
sequent absorption and systemic exposure. Following intestinal uptake, the
nanostructures enter a protein- and electrolyte-rich biological environment in
which their surfaces can interact dynamically with plasma proteins, peptides, li-
pids, and other biomolecules. Exposed amino-acid residues within these proteins,
including polar and redox-active functional groups, may participate in hydrogen
bonding, electrostatic interactions, and other non-covalent or interfacial interac-
tions with the nanomedicine. In particular, redox-active protein groups may pro-
vide chemically responsive sites through which the biological identity of the
nanostructures can be modified. This concept is consistent with the redox-medi-

ated nano-bio interface previously proposed by our group, in which nanoparticle-
biomolecule interactions were considered active chemical processes involving
electron transfer and thiol-disulfide chemistry rather than passive adsorption
[23]. These dynamic interactions may result in the formation and continuous re-
modeling of a biomolecular corona around the nanostructures. Rather than rep-
resenting a fixed coating, this corona can be regarded as a dynamic biological in-
terface that changes according to the surrounding molecular environment. Such
interfacial conditioning may influence dispersion, cellular recognition, tissue dis-
tribution, clearance, and accessibility of the active nanostructures. Consequently,
the biological behavior of ZF-148-2 after administration is expected to reflect not
only the formulation itself but also the continuously changing molecular identity
acquired during interaction with the biological milieu. After entering systemic
circulation, the nanomedicine is exposed to the vascular endothelium, circulating
proteins, immune cells, and multiple physiological clearance mechanisms. Its sub-
sequent distribution among tissues is determined by the combined effects of these
interactions and the properties of the vascular and extracellular environments en-
countered along the circulation pathway. Importantly, ZF-148-2 does not incor-
porate a conventional receptor-targeting ligand. Its proposed tumor selectivity
therefore cannot be attributed to classical ligand-receptor targeting and is instead
considered here as a potentially intrinsic physicochemical and microenviron-
ment-dependent selectivity. Tumor tissue presents a biological environment sub-
stantially different from most normal tissues, including abnormal vascular archi-
tecture, heterogeneous vascular permeability, disorganized extracellular matrix,
altered interstitial pressure, hypoxic regions, metabolic alterations, and spatially
heterogeneous biochemical conditions. These characteristics can influence the ex-
travasation, local retention, and cellular accessibility of nanostructures. The ab-
normal tumor microenvironment may therefore provide physicochemical condi-
tions under which ZF-148-2 can interact more extensively with tumor tissue than
with physiologically organized normal tissues. Following access to the tumor in-

terstitium, the nanostructures may interact with extracellular-matrix compo-
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nents, interstitial proteins, electrolytes, and the surface of tumor cells. Hydrogen
bonding, electrostatic forces, hydrophobic interactions, and other non-covalent
interactions can contribute to this interfacial association. The transition from ex-
tracellular tumor localization to direct tumor-cell interaction is particularly im-
portant because it brings the nanomedicine into proximity with membrane lipids,
proteins, glycoproteins, and accessible functional groups. These interactions may
facilitate membrane association and subsequent cellular internalization, allowing
the nanostructures to progress from the extracellular tumor compartment into the
intracellular environment. Once internalized, ZF-148-2 encounters a sequence of
intracellular compartments with different pH values, ionic compositions, protein
environments, and membrane properties. These conditions can modify nanopar-
ticle-biomolecule interactions and expose the nanostructures to intracellular
functional groups and redox-active molecular systems. The resulting physico-
chemical interactions may initiate the intracellular disturbances described previ-
ously in this manuscript, including redox imbalance, ionic dysregulation, mem-
brane injury, mitochondrial impairment, and ultimately irreversible tumor-cell
damage. The present section therefore considers these events as downstream con-
sequences of tumor-cell access rather than repeating their detailed molecular
mechanisms. The apparent selectivity toward tumor tissue is particularly im-
portant in light of the repeated histopathological observations obtained during the
ZF-148/ZF-148-2 research program. The experimental findings described in this
manuscript demonstrate pronounced tumor destruction while showing no corre-
sponding pathological injury in the major examined normal organs under the in-
vestigated conditions. The earlier 4T1 investigation also demonstrated marked tu-
mor necrosis, tumor-growth inhibition, absence of detectable metastasis, and im-
mune-cell infiltration within treated mammary tissue. The favorable response ob-
served with oral administration in that study provided an important experimental
basis for continued development of the same formulation ([20], part 13). The
presence of immune-cell infiltration following tumor treatment provides an addi-
tional mechanistic dimension. Extensive tumor-cell destruction can alter the tu-
mor microenvironment by releasing tumor-associated antigens, intracellular mol-
ecules, and damage-associated signals. These changes may increase the biological
visibility of the tumor and influence local immune-cell recruitment and activa-
tion. Accordingly, the antitumor effect of ZF-148-2 may not terminate with direct
destruction of individual tumor cells; the resulting modification of the tumor mi-
croenvironment may potentially contribute to reduction of local immunosuppres-
sion and facilitate secondary immune-mediated clearance of residual malignant
cells. This interpretation remains a mechanistic hypothesis and should be distin-
guished from direct demonstration of specific immune pathways. Overall, the
proposed trajectory of ZF-148-2 can therefore be considered as a continuous se-
quence extending from oral administration and gastrointestinal conditioning to
systemic distribution, biomolecular interfacial remodeling, tumor-microenviron-

ment access, tumor-cell membrane interaction, intracellular entry, direct tumor-
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cell injury, and subsequent modification of the local immune environment. The
absence of a conventional targeting ligand, together with repeated evidence of tu-
mor destruction and limited pathological injury in examined normal tissues, sup-
ports consideration of an intrinsic tumor-selective physicochemical response ra-
ther than classical receptor-mediated targeting. The conceptual pathway can be
summarized as: Oral administration > gastrointestinal conditioning > systemic
exposure > biomolecular corona/interfacial remodeling > tumor-microenviron-
ment access > tumor-cell interaction and internalization - intracellular injury >
tumor destruction > modification of the immunosuppressive microenvironment >
potential immune-mediated tumor clearance. Direct pharmacokinetic, biodistribu-
tion, tumor-accumulation, and immunophenotyping studies will ultimately be re-

quired to quantitatively validate the individual steps of this proposed trajectory.

3. Materials and Methods for ZF-148-2 Nanomedicine
3.1. Cell Culture and in Vitro Cytotoxicity Assay

The cytotoxic activity of the ZF148-2 nanomedicine was evaluated using the hu-
man breast adenocarcinoma cell line MCF-7. Cells were obtained from the Pasteur
Institute (Karaj, Iran) and cultured in Ham’s F-12K medium supplemented with
10% fetal bovine serum (FBS) under standard culture conditions (37°C, 5% CO,,
and humidified atmosphere). Approximately 5 x 10° cells/well were seeded into

96-well plates and allowed to attach for 24 h before treatment.

The stock solution of the ZF148-2 was prepared at 128.6 g/L, followed by serial
ten-fold dilutions ranging from 128.6 g/L to 12.86 pg/L. Cells were exposed to each
concentration for 48 h.

Cell viability was determined using the MTT assay (Cibbiotech Cell Prolifera-
tion Assay Kit) according to the manufacturer’s instructions. Briefly, after drug
treatment, MTT reagent (10 uL/well) was added and plates were incubated for 2
h at 37°C. The resulting formazan crystals were dissolved in DMSO, and absorb-
ance was measured at 570 nm using a microplate reader. Triton X-100-treated
cells served as the positive control, whereas untreated cells served as the negative
control. Cell viability was calculated relative to untreated controls, and the ICs,

value was determined from the dose-response curve.

3.2. Experimental Animals

All animal experiments were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals and complied with the institutional and national
guidelines for the ethical use of laboratory animals. The experimental protocol
was reviewed and approved by (Zist Faravard Pars, Tehran, Iran) company based
on moral code (ethical principles). Every effort was made to minimize animal suf-
fering and reduce the number of animals used.

Female BALB/c mice (6 - 8 weeks old; average body weighs approximately 18
g) were obtained from the Pasteur Institute (Karaj, Iran). Animals were main-

tained under standard laboratory conditions with free access to food and water
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under a 12-h light/dark cycle. All experimental procedures were conducted ac-

cording to institutional guidelines for laboratory animal care and use.

3.3. Tumor Induction

The murine breast cancer model was established by subcutaneous inoculation of
1 x 10° 4T1 cells into the right flank of each mouse. Tumor development was
monitored by palpation, and treatment was initiated after tumors reached approx-
imately 7 mm in diameter.

Tumor-bearing mice were randomly assigned into two experimental groups:

Group A: Control: vehicle without ZnO NPs (100 puL) (n = 4 per group)

Group B: ZF148-2 nanodrug (70 mg/kg) (100 pL) (n = 6 per group)

The formulations were administered by intratumoral injection every other day
throughout the treatment period. Tumor size, body condition, and clinical signs

were monitored throughout the study.

3.4. Tumor Growth Assessment

Tumor dimensions were measured periodically using a digital caliper, and tumor
size was recorded throughout the experimental period. Animals were observed
daily for changes in activity, grooming behavior, body condition, and survival.

Animals reaching humane endpoints or natural death were subjected to necropsy.

3.5. Histopathological Examination

At the end of the experiment, or following spontaneous death, major organs in-
cluding the liver, kidney, lung, spleen, heart, and brain and tumor residue tissue
were collected and fixed in 10% neutral buffered formalin. Following routine tis-
sue processing, paraffin embedding, sectioning (4 - 5 um), and hematoxylin and
eosin (H&E) staining, tissue sections were examined by light microscopy for evi-
dence of treatment-related pathological changes, including inflammatory lesions,
necrosis, degeneration, fibrosis, hemorrhage, and alterations in tissue architecture.

Statistical Analysis: Statistical analyses were performed using GraphPad Prism
version 10 (GraphPad Software, San Diego, CA, USA). Quantitative data are pre-
sented as the mean + standard deviation (SD). Tumor growth was analyzed using
an individual slope-based approach. For each animal, tumor area (mm?), calcu-
lated as length x width from two perpendicular caliper measurements, was plotted
against study time, and the individual tumor-growth rate (mm?/day) was esti-
mated by linear regression using all available measurements obtained while the
animal remained alive. Individual tumor-growth slopes were compared between
the control and ZF-148-2 treatment groups using Welch’s independent-samples
t-test. The Mann-Whitney U test was additionally performed as a nonparametric
sensitivity analysis. Measurements after death were not imputed or carried for-
ward. Survival curves were generated using the Kaplan-Meier method and com-
pared using the log-rank (Mantel-Cox) test. A P value < 0.05 was considered sta-

tistically significant.
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MTT Cytotoxicity Assay: The cytotoxic activity of the ZF148-2 against MCF-
7 breast cancer cells was evaluated using the MTT assay. Treatment with the com-
pound resulted in a typical sigmoidal dose-response relationship was observed in
cell viability. Dose-response analysis demonstrated an estimated ICs, value of 4
mg/L, indicating potent in vitro cytotoxic activity against MCE-7 cells. Cell viabil-
ity progressively decreased with increasing drug concentration, confirming the
antiproliferative effect of the ZF148-2 (Figure 1).

MTT dose-response curve in MCF-7 cells

100 { !
80 Yo i
~ “g—e i
3 S :
2 \ i Estimated ICso = 401 mg/L
S [ i
9] \ 1
%S 60 - !
] 8- ~o—$ . i
P e 2 = —':.-i-:‘— =
3 i
8 40 A i
S ! \
= 1 \ .
[0) ! \ 77
ot ! \o AN
! ¢ W
20 1 { \
04 & Mean*=SD(n=3) i ®
10712 107° 10-¢ 1073 10° 103 108

Drug concentration (mg/L, log scale)

Figure 1. Dose-response curve of the investigational compound in MCEF-7 cells determined
by the MTT assay. Cell viability was measured after 48 h of treatment using serial 10-fold
dilutions. The ICs, value was estimated by nonlinear regression (four-parameter logistic
model).

Effect of Treatment on Tumor Growth: Tumor size increased progressively
in the control group, whereas tumor growth was markedly suppressed in treated
animals. Individual tumor growth rates were calculated as the slope of tumor size
against study time using linear regression. The mean tumor growth rate was 0.491
+ 0.043 mm?*/day in the control group and 0.040 + 0.068 mm?/day in the treatment
group. The reduction in tumor growth rate was statistically significant according to
Welch’s independent-samples t-test (t = 12.85, df = 8.00, P < 0.0001). This finding
was also supported by the Mann-Whitney U test (U = 24, P = 0.0095) (Figure 2).

Animals were monitored daily for clinical signs throughout the study. Control
mice progressively developed reduced activity, decreased mobility, lethargy, and
rapid tumor enlargement before death. Mice receiving the ZF148-2 remained
clinically stable during most of the treatment period. Mild reductions in activity
were observed only during the terminal stages in some treated animals. No treat-
ment-related signs of systemic toxicity, including severe weight loss, neurolog-

ical abnormalities, respiratory distress, or gastrointestinal complications, were
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Figure 2. Tumor growth in control and treated mice. Mean tumor size (+ SD) measured
throughout the study in the control (n = 4) and treatment (n = 6) groups.

observed. Gross observations together with histopathological examination of the
heart, liver, kidney, lung, spleen, and brain revealed no evidence of significant

treatment-related organ toxicity.

3.6. Histopathological Findings

Histopathological examination was performed on the liver, kidneys, lungs, spleen,
heart, stomach, brain, and tumor tissues using hematoxylin and eosin (H&E)
staining. In the ZF-148-2-treated animals, the major organs generally showed pre-
served tissue architecture, with no treatment-attributable histological lesions de-
tected under the conditions of this study. Hepatic lobular architecture and hepato-
cyte morphology were preserved, without hepatocellular necrosis, fibrosis, or sig-
nificant inflammatory infiltration. Renal glomeruli and tubular structures were
well preserved, although occasional minimal tubular epithelial degeneration was
observed. Cardiac muscle fibers exhibited normal morphology without inflamma-
tory infiltration or myocardial degeneration. Lung sections showed preserved al-
veolar architecture with only minimal focal inflammatory-cell infiltration. The
spleen retained normal organization of the white and red pulp, with mild reactive
lymphoid hyperplasia. Brain tissue showed intact cortical and cerebellar architec-
ture without neuronal degeneration, hemorrhage, or inflammatory lesions. Gas-
tric tissue maintained normal mucosal and glandular architecture without ulcer-
ation or significant inflammatory changes. Histopathological examination of tu-
mor tissues revealed clear differences between the control and ZF-148-2-treated
groups. Tumors from the control group were composed predominantly of densely
packed viable malignant cells with high cellularity, hyperchromatic nuclei, a high
nuclear-to-cytoplasmic ratio, preserved tumor architecture, and limited sponta-
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neous necrosis. In contrast, tumors from ZF-148-2-treated mice showed marked
disruption of tumor architecture, reduced viable tumor-cell density, extensive ar-
eas of coagulative necrosis, widespread degenerative changes, and inflammatory-
cell infiltration. In some treated samples, only small residual islands of viable ne-
oplastic cells remained within or adjacent to broad necrotic areas. These histo-

pathological findings are consistent with a marked local tumor response to ZF-

148-2 treatment (Figure 3, Figure 4).

Figure 3. Histopathological evaluation of major organs following treatment with the ZF-148-2 nanodrug in tumor-bearing mice.
Representative hematoxylin and eosin (h) & (e)-stained sections of (a), (b) liver, (c), (d) kidney, (e), (f) lung, (g), (h) spleen, (i), (j)
brain, from treated mice. The liver exhibits preserved lobular architecture with normal hepatocyte morphology and no evidence of
hepatocellular degeneration or necrosis. Renal tissue demonstrates intact glomeruli and renal tubules without tubular necrosis. Lung
sections reveal preserved alveolar architecture with only minimal focal inflammatory infiltrates. Splenic white and red pulp remain
well organized with mild reactive lymphoid hyperplasia. Cardiac muscle fibers exhibit preserved morphology without inflammatory
infiltrates or myocardial degeneration. Brain tissue shows intact cortical and cerebellar architecture with preserved neuronal mor-
phology. Gastric mucosa demonstrates intact glandular architecture without ulceration or significant inflammatory changes. Col-
lectively, these findings indicate the absence of significant treatment-related histopathological toxicity.

Figure 4. H&E staining revealed densely packed viable tumor cells with minimal necrosis in the control tumor (a). In contrast,
treated tumors (b), (c) showed marked architectural disruption, reduced viable tumor-cell density, extensive degenerative changes,
and increased areas of necrosis with inflammatory-cell infiltration, indicating a substantial treatment-associated antitumor effect.

4. Results and Discussion

4.1. Characterization of the Nanomaterials in the ZF-148-2
Nanomedicine

The comprehensive physicochemical characterization of the nanomaterials con-
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stituting the ZF-148 nanomedicine was previously performed and reported in our
2022 publication [20]. The characterization included transmission electron mi-
croscopy (TEM), scanning electron microscopy (SEM), UV-Vis spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), and photoluminescence (PL)
analysis. The corresponding experimental data, spectra, images, and detailed in-
terpretations are fully presented in the previously published work [20]. The mor-
phological analysis demonstrated that the modified ZnO quantum-dot nanopar-
ticles exhibited a mixture of small nanosphere- and nanorod-like structures asso-
ciated with fatty-acid groups. The UV-Vis absorption spectrum of the ZnO quan-
tum dots showed a maximum absorption wavelength of approximately 193 nm,
while the corresponding nanodrug formulation exhibited a slight shift to approx-
imately 194.3 nm. These characteristics were consistent with the nanoscale nature
of the ZnO quantum dots and their blue-shifted absorption edge. FTIR analysis
supported the characteristic chemical and structural features of the ZnO quantum
dots, consistent with the hexagonal wurtzite structure of ZnO (space group P6;mc)
and its association with the surrounding fatty-acid components. PL analysis also
demonstrated the characteristic visible-emission behavior of the ZnO quantum
dots [18] [20]. The ZF-148-2 nanomedicine evaluated in the present study corre-
sponds to the same established nanomedicine platform previously characterized
as ZF-148 [20], with the same principal nanomaterial structure and physicochem-
ical characteristics. Accordingly, the comprehensive characterization reported in
[20] provides the physicochemical basis for the nanomedicine evaluated in the
present study. The present work focuses on the subsequent preclinical evaluation
of this established nanomedicine, rather than repeating its previously reported

physicochemical characterization.

4.2. Physicochemical Mechanism and Preclinical Development of
the ZF-148-2 Nanodrug for Breast Cancer

The following mechanism is proposed as a conceptual and testable hypothesis
based on the physicochemical characteristics of the ZnO quantum-dot system and
observations from previous investigations. It is not presented as an experimentally
demonstrated mechanism of the present study. The nanopharmaceutical formu-
lation may interact preferentially with the abnormal physicochemical environ-
ment surrounding tumor tissue. Tumor-associated fluids and the altered bio-
chemical environment may provide conditions that favor interaction of highly ac-
tive nanoparticles with cancerous tissue. Because ZnO quantum dot nanoparticles
are extremely small and possess a high surface-to-volume ratio and accessible sur-
face states, they may establish close contact with tumor-cell membranes and mem-

brane proteins. At this nano-bio interface, interactions with polar amino acids

through hydrogen bonding, electrostatic interactions, and other surface-mediated
interactions may contribute to nanoparticle-cell contact and subsequent cellular
uptake. The possibility that smaller nanoparticles can interact with cell mem-

branes more readily is also consistent with the physicochemical characteristics ob-
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served for the ZnO Q-dot system [3] [5] [6] [16] [18] [20]. An important chemical
hypothesis concerns the interaction of the nanoparticle surface with sulfur-con-
taining amino acids. Cysteine contains a thiol group, and two cysteine residues
can form a disulfide bond that contributes to protein folding and structural sta-
bility. We therefore propose that interactions between an electronically active
ZnO surface and thiol-containing biomolecules may perturb local redox chemis-
try and, under appropriate conditions, influence thiol-disulfide equilibria. Such
interactions could affect the structure or function of susceptible proteins and con-
tribute to cellular dysfunction. This concept is proposed as a chemical hypothesis
rather than as a demonstrated mechanism of the present study.

The ZnO@PVP component of the formulation may further influence the nano-
bio interface by maintaining dispersion of the ZnO QDs in the aqueous formula-
tion and providing additional functional groups capable of participating in hydro-
gen bonding and electrostatic interactions. The combined physicochemical prop-
erties of ZnO QDs and the polymer-supported formulation may therefore in-

crease the effective interaction of the nanodrug with biological interfaces. Previ-

ous studies of ZnO-based nanomaterials have also demonstrated their relevant
physicochemical and biological activity in cancer-related systems [3]-[8] [16] [18]
[20] [24]. The semiconductor properties of ZnO QDs provide another important
component of the proposed mechanism. Reduction in QD size can alter the elec-
tronic structure, band-gap energy, and optical behavior of semiconductor nano-
particles. Surface defects, oxygen vacancies, and trapping states can contribute to
surface electronic activity. The photoluminescence and optical characteristics pre-
viously observed for the formulated ZnO QDs are therefore consistent with the
presence of electronically active surface and defect states [3] [6] [16] [20]. These
characteristics may permit localized electron-transfer and redox interactions at
the nano-bio interface. Under biologically permissive conditions, such processes
could contribute to reactive oxygen species (ROS) formation and oxidative mod-
ification of susceptible cellular components, including membrane lipids and pro-
teins. ZnO-associated oxidative stress and cytotoxicity have been reported in can-
cer-cell systems [4] [5] [24]. The semiconductor properties of ZnO QDs may pro-
vide an additional physicochemical basis for the proposed nano-bio interactions.
Their defined electronic structure, quantum confinement, and surface defect
states, particularly oxygen vacancies, may enable the ZnO QDs to function as a
nanoscale electron pump, facilitating localized charge transfer and redox interac-
tions at the tumor-cell interface. In this framework, the interface may serve as an
active physicochemical reaction zone rather than a passive site of nanoparticle ad-
sorption. Such interfacial electronic activity could contribute to oxidative modifi-
cation of membrane components, membrane destabilization, and subsequent cel-
lular entry, followed by interaction with intracellular proteins and other critical
cellular structures. These processes may ultimately contribute to disruption of
membrane, protein, mitochondrial, and redox homeostasis and to tumor-cell in-

jury and death. This mechanism remains a proposed and testable hypothesis re-
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quiring direct experimental validation. Accordingly, we propose that the nano-
bio interface may function not merely as a site of passive nanoparticle adsorption
but as an active physicochemical reaction zone. The sequence may involve en-
hanced nanoparticle-cell contact, surface-mediated electron-transfer reactions,
disturbance of local redox balance, ROS-associated molecular damage, and sub-
sequent cellular injury. In parallel, ZnO dissolution may increase local Zn** avail-
ability, which could disturb intracellular zinc homeostasis and contribute to addi-
tional cellular stress. The combined effects of redox disturbance, ionic imbalance,
protein dysfunction, membrane perturbation, and mitochondrial stress could ul-
timately exceed the capacity of tumor cells to maintain cellular homeostasis. This
proposed model does not require a conventional receptor-targeting ligand. In-
stead, the physicochemical differences between tumor and normal tissues may in-
fluence nanoparticle-biomolecule interactions and thereby contribute to reactiv-
ity-based or microenvironment-responsive selectivity. Previous investigations of
ZnO-based nanomedicine, including our studies of the ZF-148 platform, provide
experimental observations that motivate this hypothesis [16] [18] [20]. The pro-
posed mechanism can therefore be summarized as:

Zn0O QDs/ZnO@PVP - tumor-associated nano-bio interface > surface-medi-
ated molecular interactions and electron transfer > redox perturbation and ROS-
associated effects + Zn** availability > thiol-disulfide/protein and ionic imbalance
- membrane/mitochondrial dysfunction - tumor-cell injury and death.

The Q-Dot NPs possess a high surface-to-volume ratio, discrete quantum states,
and high surface reactivity, which can favor therapeutic-drug loading, controlled
release, enhanced cellular delivery, and diffusion within tumor microenviron-
ments. Their ultrasmall size (typically 1 - 8 nm) and size-dependent electronic
structure can further influence the stability, transport, and interfacial reactivity of
associated therapeutic agents. In ZnO Q-Dots, abundant surface and defect states,
including interstitial Zn** sites and oxygen vacancies, can generate electron-trap-
ping centers and facilitate electron-hole pair formation. The resulting holes (h*),
together with the associated redox-active surface states, may promote oxidative
reactions at aqueous and cellular interfaces. In an aqueous tumor microenviron-
ment, these processes may contribute to water activation and the generation of
reactive species, providing a plausible physicochemical basis for redox-mediated
interactions with cellular components and, consequently, for the therapeutic ac-
tivity of ZnO Q-Dot-based systems. Importantly, membrane interaction or open-
ing, cellular uptake, intracellular Zn** changes, ROS generation, thiol-disulfide
perturbation, mitochondrial injury, and selective interaction with the tumor mi-
croenvironment were not directly established as mechanisms in the present study.
They should therefore be regarded as testable hypotheses. Dedicated studies of
nanoparticle localization and uptake, intracellular Zn**, ROS and redox status,
thiol-disulfide chemistry, protein changes, mitochondrial function, pharmacoki-
netics, and biodistribution will be required to determine the relative contribution

of these proposed processes.

DOI: 10.4236/anp.2026.154004

99 Advances in Nanoparticles


https://doi.org/10.4236/anp.2026.154004

Z. Fakhroueian et al.

The ZF-148 nanomedicine has been developed through a continuous research
program since 2013, encompassing successive in vitro and in vivo investigations.
The first technological milestone was the registration of Iranian Patent No. 84862
on 5 February 2015 (05/11/1393), entitled “Production of a Zinc Oxide Quantum
Dot Composite Nanodrug and Evaluation of Its In Vitro Cytotoxicity Against
KB44 Oral Cancer, MCF-7 Breast Cancer, HT29 Colon Cancer, and HeLa Cervical
Cancer Cell Lines, together with an In Vivo Mouse Ear-Swelling Standard Test.”
[25] This patent established the original ZnO quantum-dot-based nanodrug plat-
form. A second technological milestone was the registration of Iranian Patent No.
100349 on 15 February 2020 (26/11/1398), entitled “Formulation and Preparation
of a Water-Based Nanofluid Containing Zinc Oxide Quantum Dots for the Treat-
ment of Breast Cancer in BALB/c Mice Using the 411 Cell Line.”[26]. The asso-
ciated 4T1 animal-model research was subsequently reported in 2022 [20]. The
later designation ZF-148-2 refers to the same underlying nanodrug formulation
and was used to identify subsequent stages of its preclinical investigation. To-
gether, these patents and the successive experimental studies document a sus-
tained preclinical development pathway for the ZnO quantum-dot-based nanodrug
and provide a scientific and technological basis for its continued evaluation to-

ward future clinical development.

4.3. Study Limitations and Further Preclinical Requirements

Several limitations should be considered. First, the number of animals was small,
with four animals in the control group and six animals in the treatment group.
Although a significant difference in tumor growth and survival was observed,
larger studies are warranted to further confirm these findings. Second, only one
treatment dose was investigated, and therefore the optimal therapeutic dose and
dose-response relationship remain to be established. Third, ZF-148-2 was not
compared with an established anticancer treatment. Such comparison would help
determine the relative magnitude of its therapeutic effect. Fourth, pharmacoki-
netic, biodistribution, hematological, and biochemical toxicity assessments were
not performed in the present study. Fifth, although the 4T1 model can develop
metastatic disease, metastatic burden was not quantitatively evaluated. In addi-
tion, the in vitro experiments were performed using MCE-7 cells, whereas the in
vivo experiments were performed using the 4T1 model. Future studies using com-
plementary breast cancer models would therefore strengthen the biological inter-
pretation of the findings. Taken together, the present study demonstrated a con-
sistent antitumor response to ZF-148-2 based on tumor-growth inhibition, pro-
longed survival, and histopathological destruction of tumor tissue, without signif-
icant treatment-related injury in the examined major organs. These findings sup-
port further preclinical investigation of ZF-148-2 as a ZnO quantum dot-based
nanotherapeutic for breast cancer. Further studies should include larger experi-
mental groups, different dose levels, comparison with standard treatments, phar-

macokinetic and biodistribution analyses, comprehensive toxicity assessment,
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metastatic evaluation, and additional mechanistic studies. Such investigations will
further define the therapeutic potential, pharmacological characteristics, and safety
profile of ZF-148-2 and will strengthen the evidence base for its continued trans-
lational development and subsequent clinical evaluation through the appropriate

ethical and regulatory pathway.

5. Discussion

Triple-negative breast cancer (TNBC) remains a major therapeutic challenge be-
cause of its aggressive behavior, metastatic potential, and limited targeted treat-
ment options. In the present study, the ZnO quantum-dot-based nanomedicine
ZF-148-2 produced a marked antitumor response in the syngeneic 4T1 breast can-
cer model, characterized by substantial inhibition of tumor growth, prolonged
survival, and extensive histopathological destruction of tumor tissue. These find-
ings provide further preclinical evidence for the therapeutic potential of the estab-
lished ZF-148 nanomedicine platform and represent a continuation of the re-
search program previously reported under the ZF-148 designation [20]. The bio-
logical activity of ZF-148-2 may be related to the distinctive physicochemical
properties of ZnO quantum dots, including their ultrasmall dimensions, high sur-
face-to-volume ratio, quantum-confined electronic characteristics, and chemi-
cally active surface. We propose that these properties become particularly relevant
at the nano-bio interface, where ZnO QDs interact closely with tumor-cell mem-
branes. At this interface, semiconductor surface states may facilitate localized elec-
tron-transfer and redox processes that could contribute to ROS generation and
oxidative modification of membrane lipids and proteins. We further hypothesize
that this interface may function as an active physicochemical reaction zone, link-
ing nanoparticle-membrane interaction to subsequent membrane perturbation
and cellular uptake. Following internalization, exposure to acidic intracellular
compartments may promote ZnO dissolution and Zn** release according to: ZnO
+2H" > Zn** + H,0.

Together, ROS generation and altered intracellular Zn?* availability may in-
crease oxidative and metabolic stress and contribute to mitochondrial dysfunction
and cell death. A complementary hypothesis concerns the possible involvement
of protein thiol-disulfide redox homeostasis. Cysteine-containing proteins are
particularly sensitive to changes in cellular redox conditions, and the reactive sur-
face of ZnO QDs, together with ROS generation and local Zn** availability, may
perturb susceptible thiol-disulfide equilibria. Such perturbation could affect pro-
tein conformation, enzyme activity, membrane integrity, intracellular signaling,
and mitochondrial function. We therefore consider thiol-disulfide disruption a
possible additional biochemical component of the overall mechanism rather than
a single established molecular target. The antitumor effect of ZF-148-2 may con-
sequently arise from the convergence of interconnected physicochemical and bi-
ochemical processes rather than from a conventional receptor-specific mecha-

nism. The pronounced histopathological response observed in treated tumors
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provides direct tissue-level evidence of the biological effect. Compared with the
densely cellular and viable malignant tissue observed in controls, ZF-148-2-treated
tumors showed marked architectural disruption, extensive degenerative and co-
agulative necrosis, inflammatory-cell infiltration, and a substantial reduction in
viable tumor-cell density. These findings are consistent with severe and sustained
tumor-cell injury and support the biological relevance of the proposed multifac-
torial mechanism. The present findings also extend previous observations con-
cerning the administration of the ZF-148 platform. Previous in vivo studies
demonstrated antitumor activity following oral administration [20], while the
present research program further evaluated oral delivery under controlled exper-
imental conditions. The observed therapeutic response following oral administra-
tion is particularly relevant to the continued preclinical development of the nano-
medicine, as it demonstrates that its antitumor activity is not restricted to direct
local administration. Differences in the rate of response between controlled ga-
vage and administration through drinking water may reflect differences in dose
consistency and exposure over time. An important finding across the experi-
mental studies conducted to date is the absence of treatment-related evidence of
systemic toxicity. In the present study, treated animals remained clinically stable,
and histopathological examination of the liver, lung, spleen, brain, heart, kidney,
and stomach revealed no detectable treatment-associated pathological alterations
under the investigated conditions. These findings are consistent with the favorable
tissue-tolerance observations reported in previous in vivo studies of the ZF-148
platform [20]. The absence of detectable toxicity, together with the marked anti-
tumor response, provides an important preclinical safety-efficacy observation for
further development of the nanomedicine. The present work should therefore be
viewed as a further stage in an established preclinical research pathway rather than
as an independent development of a new nanomedicine. Over the recent three-
year period, additional animal studies have been undertaken to strengthen the ex-
perimental evidence for antitumor efficacy, treatment response, survival, and tis-
sue safety. Together with the previously published findings and the intellectual-
property development of the platform [26], the accumulated evidence provides a
broader preclinical basis for its continued translational evaluation and progres-
sion toward subsequent regulatory and clinical-development steps. Although the
proposed nano-bio interface, redox, and thiol-disulfide mechanisms provide a co-
herent physicochemical and biochemical framework for interpreting the observed
antitumor activity, these mechanisms remain hypotheses requiring direct experi-
mental verification. Future studies involving pharmacokinetics, biodistribution,
dose-response relationships, intracellular Zn** measurements, ROS and redox
profiling, and dedicated thiol-disulfide analyses will be important for further de-
fining the mechanism and pharmacological profile of ZF-148-2. Overall, the pre-
sent findings demonstrate a consistent combination of antitumor efficacy, tumor
destruction, survival benefit, oral therapeutic activity, and absence of detectable

treatment-related systemic toxicity under the experimental conditions investi-
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gated, supporting continued preclinical and translational development of this

ZnO quantum-dot-based nanomedicine for breast cancer.

6. Conclusion

The present study provides further preclinical evidence supporting the antitumor
efficacy, survival benefit, and favorable safety profile of ZF-148-2, the ZnO quan-
tum-dot-based nanodrug investigated in the present breast cancer model. Im-
portantly, ZF-148-2 does not represent a newly modified formulation, but the
same nanodrug formulation that has been investigated throughout the preceding
research program. The present work therefore constitutes a further stage in a long-
term and progressively expanding preclinical investigation of the same nanodrug
platform. In the 4T1 murine breast tumor model, ZF-148-2 produced a pro-
nounced inhibition of tumor progression, reducing the mean tumor growth rate
from 0.491 + 0.043 to 0.040 + 0.068 mm?/day (P < 0.0001). This antitumor effect
was accompanied by a significant extension of median survival from 24 to 42 days
(log-rank P = 0.0018). Histopathological examination further demonstrated ex-
tensive tumor destruction, and extensive necrotic changes in treated tumors. Im-
portantly, no detectable histopathological evidence of toxicity was observed in the
major organs examined, and were detected under the experimental conditions.
Considered together with the safety observations accumulated during the preced-
ing preclinical studies, these findings provide consistent evidence of a favorable
preclinical tolerability profile for the formulation. An important translational ad-
vantage of this nanodrug platform is its demonstrated activity following oral ad-
ministration. In the earlier 2022 investigation using the same ZF-148 research
platform, oral administration was specifically evaluated in the 4T1/BALB/c breast
tumor model and produced a pronounced therapeutic response, with favorable
histopathological findings reported in treated animals. This observation is partic-
ularly significant for the future development of the nanodrug because oral admin-
istration can offer important practical advantages, including greater patient con-
venience, improved treatment acceptability, and the feasibility of repeated admin-
istration without dependence on invasive delivery procedures. Thus, the previ-
ously demonstrated oral activity of ZF-148 should be regarded as an important
translational characteristic of the ZF-148-2 platform and not merely as an alter-
native route of administration. The accumulated experimental observations ob-
tained during the long-term development of this nanodrug also provide a basis
for proposing a broader mechanistic model. The conceptual foundation of this
model was previously introduced by the authors in 2020 in The Mirror Strategy
of Nanoparticles Against the Coronavirus [27], in which nanoparticle-biological
interactions were considered from a redox-chemical perspective, including oxida-
tion-reduction processes and thiol-disulfide interactions. The proposed role of
ZnO-based nanoparticles as redox-active nano-oxidizing agents and the possible
relevance of this concept to cancer cells were also discussed in that work. The pre-

sent research program provides an opportunity to extend this earlier chemical
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concept into a mechanistic framework for interpreting the antitumor activity of
the ZnO-based nanodrug. Based on the cumulative observations obtained over
approximately 13 years of investigation of the same formulation, we propose that
the antitumor activity of ZF-148-2 is not attributable to a single biological event,
but rather to a coordinated physicochemical and redox-mediated interaction be-
tween the ZnO quantum-dot-based nanostructure and the altered biochemical
environment of tumor cells. Within this proposed model, the nanodrug may in-
teract directly with the tumor-cell environment through its nanoscale surface and
physicochemical properties, followed by electron-transfer and redox processes,
reactive oxygen species generation, and Zn*' release under intracellular conditions
that favor ZnO dissolution. These events may collectively disturb cellular redox
balance, protein and membrane integrity, mitochondrial function, and other es-
sential processes required for tumor-cell survival, ultimately promoting apoptotic
and extensive tumor-cell death. A central element of this proposed mechanism is
the interaction with cellular thiol-disulfide homeostasis. Tumor cells exist under
a substantially altered redox state and frequently operate close to the limits of their
antioxidant and redox-buffering capacity. We therefore propose that interaction
of the ZnO-based nanostructure with biologically important thiol-containing
molecules and disulfide bonds may further perturb this already vulnerable redox
system. Such redox perturbation may alter the equilibrium between reduced thiol
and oxidized disulfide states, interfere with essential protein functions, and in-
crease oxidative stress beyond the compensatory capacity of malignant cells. In
this framework, the therapeutic effect would arise not simply from nonspecific
toxicity, but from the ability of the nanodrug to exploit the altered physicochem-
ical and redox characteristics of the tumor-cell environment. This proposed re-
dox-mediated mechanism also provides a potential conceptual link between sev-
eral independently observed biological outcomes of the nanodrug, including cy-
totoxicity, tumor-growth suppression, extensive tumor necrosis, reduced cellular
proliferation, and inhibition of tumor-associated angiogenic features. The model
further provides a chemically coherent explanation for why a ZnO quantum-dot-
based formulation can exert substantial biological effects without requiring a con-
ventional receptor-targeting ligand. Rather than relying exclusively on molecular
recognition by a predefined cellular receptor, the proposed mechanism empha-
sizes direct physicochemical and redox interactions with the distinctive biochem-
ical environment of malignant cells. Importantly, this mechanistic model is not
presented as a mechanism conclusively established by a single experiment. Rather,
it represents a scientific hypothesis developed from the cumulative experimental
observations obtained throughout the long-term research program and from the
redox concept previously proposed by the authors. The consistency of the biolog-
ical findings across successive preclinical investigations provides a rationale for
this model, while direct molecular studies of intracellular redox changes, thiol-
disulfide exchange, electron-transfer processes, Zn?* release, and downstream sig-

naling pathways will be required to experimentally validate each component of
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the proposed mechanism. Overall, the reproducible antitumor activity, significant
survival benefit, absence of detectable major-organ toxicity under the conditions
investigated, previous demonstration of oral therapeutic activity, and the mecha-
nistic framework developed from the long-term research program collectively
support ZF-148-2 as a promising candidate for further translational development
in breast cancer. Particularly noteworthy is the combination of therapeutic activ-
ity with the potential for oral administration, which may provide an important
practical advantage for future pharmaceutical development and clinical imple-
mentation. The next stage should include adequately powered confirmatory stud-
ies, dose-response characterization, pharmacokinetic and biodistribution studies,
formal repeated-dose toxicological and safety assessment, and direct molecular
validation of the proposed redox-mediated mechanism before clinical efficacy and

safety can be established in humans.

Author Contributions

Conceptualization, Z.F. (creator and formulator of the breast-cancer nanodrug
and holder of the 2019/1398 domestic patent for ZF-148); methodology, Z.F.,
M.E., and A.M.; validation, Z.F., M.E., A.M., and F.A ; formal analysis, Z.F., M.E.,
and A.M.; investigation, Z.F., M.E., and A.M. (Dr. Massiha conducted the labora-
tory and animal model experiments for the original ZF-148, and Dr. Eghtedar-
doost conducted the laboratory and animal model experiments for the updated
nanodrug version, ZF-148-2); resources, Z.F. and M.E.; data curation, Z.F., M.E.,
and A.M.; writing—original draft preparation, Z.F.; writing—review and editing,
Z.F., M.E., AM,, and F.A ; visualization, Z.F. and M.E.; supervision, Z.F. and F.A.
(with Z.F. and F.A. also responsible for obtaining the medical ethics code and pre-
paring the clinical trial phase for hospital application); project administration,
Z.F.; funding acquisition, Z.F. and M.E. All authors have read and agreed to the

published version of the manuscript.

Conflicts of Interest

The authors declare that the research was conducted without any commercial or
financial relationships, which could be construed as a potential conflict of interest.
In addition, the authors declare no potential conflicts of interest and are respon-

sible for the content and writing of the manuscript and publication of this paper.

References

[1] Gupta, P., Neupane, Y.R., Parvez, S. and Kohli, K. (2021) Recent Advances in Tar-
geted Nanotherapeutic Approaches for Breast Cancer Management. Nanomedicine,
16, 2605-2631. https://doi.org/10.2217/nnm-2021-0281

[2] Sharma, H., Mishra, P.K,, Talegaonkar, S. and Vaidya, B. (2015) Metal Nanoparticles:
A Theranostic Nanotool against Cancer. Drug Discovery Today, 20, 1143-1151.
https://doi.org/10.1016/j.drudis.2015.05.009

[3] Jiang,J., Pi, J. and Cai, J. (2018) The Advancing of Zinc Oxide Nanoparticles for Bi-
omedical Applications. Bioinorganic Chemistry and Applications, 2018, Article ID:

DOI: 10.4236/anp.2026.154004

105 Advances in Nanoparticles


https://doi.org/10.4236/anp.2026.154004
https://doi.org/10.2217/nnm-2021-0281
https://doi.org/10.1016/j.drudis.2015.05.009

Z. Fakhroueian et al.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

1062562. https://doi.org/10.1155/2018/1062562

Hanley, C., Layne, J., Punnoose, A., Reddy, K.M., Coombs, I., Coombs, A., et al
(2008) Preferential Killing of Cancer Cells and Activated Human T Cells Using ZnO
Nanoparticles. Nanotechnology, 19, Article ID: 295103.
https://doi.org/10.1088/0957-4484/19/29/295103

Rasmussen, J.W., Martinez, E., Louka, P. and Wingett, D.G. (2010) Zinc Oxide Na-
noparticles for Selective Destruction of Tumor Cells and Potential for Drug Delivery

Applications. Expert Opinion on Drug Delivery, 7, 1063-1077.
https://doi.org/10.1517/17425247.2010.502560

Roshini, A., Jagadeesan, S., Cho, Y.J., Lim, J. and Choi, K.H. (2017) Synthesis and
Evaluation of the Cytotoxic and Anti-Proliferative Properties of ZnO Quantum Dots
against MCF-7 and MDA-MB-231 Human Breast Cancer Cells. Materials Science
and Engineering: C, 81, 551-560. https://doi.org/10.1016/j.msec.2017.08.014

Mahdizadeh, R., Homayouni-Tabrizi, M., Neamati, A., Seyedi, S.M.R. and Tavakkol
Afshari, H.S. (2019) Green Synthesized-Zinc Oxide Nanoparticles, the Strong Apop-
tosis Inducer as an Exclusive Antitumor Agent in Murine Breast Tumor Model and
Human Breast Cancer Cell Lines (MCF7). Journal of Cellular Biochemistry, 120,
17984-17993. https://doi.org/10.1002/jcb.29065

Salari, S., Neamati, A., Tabrizi, M.H. and Seyedi, S.M.R. (2019) Green-Synthesized
Zinc Oxide Nanoparticle, an Efficient Safe Anticancer Compound for Human Breast
MCF?7 Cancer Cells. Applied Organometallic Chemistry, 34, e5417.
https://doi.org/10.1002/a0c.5417

Pulaski, B.A. and Ostrand-Rosenberg, S. (2000) Mouse 4T1 Breast Tumor Model.
Current Protocols in Immunology, 39.
https://doi.org/10.1002/0471142735.im2002s39

Hong, H., Wang, F., Zhang, Y., Graves, S.A., Eddine, S.B.Z., Yang, Y., et al (2015)
Red Fluorescent Zinc Oxide Nanoparticle: A Novel Platform for Cancer Targeting.
ACS Applied Materials & Interfaces, 7, 3373-3381.
https://doi.org/10.1021/am508440j

Igbal, H., Razzaq, A., Uzair, B., Ain, N.U.,, Sajjad, S., Althobaiti, N.A., et al (2021)
Breast Cancer Inhibition by Biosynthesized Titanium Dioxide Nanoparticles Is Com-
parable to Free Doxorubicin but Appeared Safer in BALB/C Mice. Materials, 14, Ar-
ticle 3155. https://doi.org/10.3390/mal14123155

Zhang, X., Wu, F,, Men, K., Huang, R., Zhou, B., Zhang, R., et a/. (2018) Modified
Fe;O41 Magnetic Nanoparticle Delivery of CpG Inhibits Tumor Growth and Sponta-

neous Pulmonary Metastases to Enhance Immunotherapy. Nanoscale Research Let-
ters, 13, Article No. 240. https://doi.org/10.1186/s11671-018-2661-8

Cai, Z., Liu, R., Chan, C,, Lu, Y., Winnik, M.A., Cescon, D.W., et al. (2022) *°Y-La-
beled Gold Nanoparticle Depot (NPD) Combined with Anti-PD-L1 Antibodies
Strongly Inhibits the Growth of 4T1 Tumors in Immunocompetent Mice and Induces

an Abscopal Effect on a Distant Non-Irradiated Tumor. Molecular Pharmaceutics,
19, 4199-4211. https://doi.org/10.1021/acs.molpharmaceut.2c00572

Liu, Z., Chen, K., Davis, C., Sherlock, S., Cao, Q., Chen, X., et al (2008) Drug Delivery
with Carbon Nanotubes for in Vivo Cancer Treatment. Cancer Research, 68, 6652-
6660. https://doi.org/10.1158/0008-5472.can-08-1468

Omidian, H., Wilson, R.L. and Cubeddu, L.X. (2024) Quantum Dot Research in
Breast Cancer: Challenges and Prospects. Materials, 17, Article 2152.
https://doi.org/10.3390/mal17092152

Fakhroueian, Z., Dehshiri, A.M., Katouzian, F. and Esmaeilzadeh, P. (2014) In Vitro

DOI: 10.4236/anp.2026.154004

106 Advances in Nanoparticles


https://doi.org/10.4236/anp.2026.154004
https://doi.org/10.1155/2018/1062562
https://doi.org/10.1088/0957-4484/19/29/295103
https://doi.org/10.1517/17425247.2010.502560
https://doi.org/10.1016/j.msec.2017.08.014
https://doi.org/10.1002/jcb.29065
https://doi.org/10.1002/aoc.5417
https://doi.org/10.1002/0471142735.im2002s39
https://doi.org/10.1021/am508440j
https://doi.org/10.3390/ma14123155
https://doi.org/10.1186/s11671-018-2661-8
https://doi.org/10.1021/acs.molpharmaceut.2c00572
https://doi.org/10.1158/0008-5472.can-08-1468
https://doi.org/10.3390/ma17092152

Z. Fakhroueian et al.

(17]

(18]

(19]

(20]

[21]

(22]

(23]

(24]

[25]

(26]

Cytotoxic Effects of Modified Zinc Oxide Quantum Dots on Breast Cancer Cell Lines
(MCEF?7), Colon Cancer Cell Lines (HT29) and Various Fungi. Journal of Nanoparti-
cle Research, 16, Article No. 2483. https://doi.org/10.1007/s11051-014-2483-2

Abdolmohammadi, M.H., Fallahian, F., Fakhroueian, Z., Kamalian, M., Keyhanvar,
P., Harsini, F.M,, et al (2017) Application of New Zno Nanoformulation and Ag/Fe/
ZnO Nanocomposites as Water-Based Nanofluids to Consider in Vitro Cytotoxic Ef-
fects against MCF-7 Breast Cancer Cells. Artificial Cells, Nanomedicine, and Biotech-
nology; 45, 1769-1777. https://doi.org/10.1080/21691401.2017.1290643

Fakhroueian, Z., Vahabpour, R., Assmar, M., Massiha, A., Zahedi, A., Esmaeilzadeh,
P., et al. (2018) ZnO Q-Dots as a Potent Therapeutic Nanomedicine for in Vitro Cy-
totoxicity Evaluation of Mouth KB44, Breast MCF7, Colon HT29 and Hela Cancer
Cell Lines, Mouse Ear Swelling Tests in Vivo and Its Side Effects Using the Animal
Model. Artificial Cells, Nanomedicine, and Biotechnology, 46, 96-111.
https://doi.org/10.1080/21691401.2018.1452023

Fakhroueian, Z., Rajabi, S., Salehi, N., Tavirani, M.R., Noori, S. and Nourbakhsh, M.
(2021) Anticancer Properties of Novel Zinc Oxide Quantum Dot Nanoparticles

against Breast Cancer Stem-Like Cells. Anti- Cancer Drugs, 33, e311-e326.
https://doi.org/10.1097/cad.0000000000001207

Fakhroueian, Z., Massiha, A., Esmaeilzadeh, P., Assmar, M., Zahedi, A., Esmaeilza-
deh, P., et al (2022) In Vivo Animal Model Evaluation of a Powerful Oral Nanomed-
icine for Treating Breast Cancer in BALB/C Mice Using 4T1 Cell Lines without
Chemotherapy. Advances in Nanoparticles, 11, 73-109.
https://doi.org/10.4236/anp.2022.113006

Esmaeili, S., Pourbagheri-Sigaroodi, A., Yousefi, A., Fakhroueian, Z., Momeny, M.
and Bashash, D. (2021) ZnO Q-Dots-Induced Apoptosis Was Coupled with the In-
duction of PPARyin Acute Promyelocytic Leukemia Cells; Proposing a Novel Appli-
cation of Nanoparticles in Combination with Pioglitazone. Journal of Cluster Science,
33, 579-591. https://doi.org/10.1007/s10876-021-01992-y

Shekarchian, S., Eghtedardoost, M., Golshahi, H., Behrouzfar, H., Fakhroueian, Z.
and Yaraee, R. (2025) A Novel Nanodrug Suppresses Lung Cancer Growth and Me-
tastasis in C57BL/6 Mouse Model by Altering CD8+ Cell Infiltration and Oxidative
Stress. Iranian Journal of Allergy, Asthma and Immunology, 24, 313-333.
https://doi.org/10.18502/ijaai.v24i3.18682

Fakhroueian, Z., Katouzian, F., Esmaeilzadeh, P., Moradi Bidhendi, S. and Esmaeil-
zadeh, P. (2019) Enhanced Engineered ZnO Nanostructures and Their Antibacterial
Activity against Urinary, Gastrointestinal, Respiratory and Dermal Genital Infec-
tions. Applied Nanoscience, 9, 1759-1773.
https://doi.org/10.1007/s13204-019-00996-5

Fakhroueian, Z., Esmaeilzadeh, P., Ghaffari, S.B. and Esmaeilzadeh, P. (2020) Strange
Effect of a Synthesized Nanopackage towards A549, Huh-7, A-375, KB44, MCF-7 and
HT29 Human Cancer Therapy. International Journal of Nanotechnology in Medicine

& Engineering, 5, 1-19.

Fakhroueian, Z., Mozaffari Dehshiri, A., Katoozian, F., Vatani, A., Keyhanvar, P. and
Davari, S.F. (2015) Production of a Zinc Oxide Quantum Dot Composite Nanodrug
and Evaluation of Its in Vitro Cytotoxicity against KB44 Mouth Cancer, MCF-7
Breast Cancer, HT29 Colon Cancer, and HeLa Cervical Cancer Cell Lines, Together
with an in Vivo Mouse Ear-Swelling Standard Test. Iranian Patent No. 84862. Iranian
Intellectual Property Center.

Fakhroueian, Z., Asmar, M., Masiha, A., Zahedi, A., Esmaeilzadeh, P., Amanzadeh,
A., Rezaei Chaparparadi, S. and Bashash Alang, D. (2020) Formulation and Prepara-

DOI: 10.4236/anp.2026.154004

107 Advances in Nanoparticles


https://doi.org/10.4236/anp.2026.154004
https://doi.org/10.1007/s11051-014-2483-2
https://doi.org/10.1080/21691401.2017.1290643
https://doi.org/10.1080/21691401.2018.1452023
https://doi.org/10.1097/cad.0000000000001207
https://doi.org/10.4236/anp.2022.113006
https://doi.org/10.1007/s10876-021-01992-y
https://doi.org/10.18502/ijaai.v24i3.18682
https://doi.org/10.1007/s13204-019-00996-5

Z. Fakhroueian et al.

(27]

(28]

tion of a Water-Based Nanofluid Containing Zinc Oxide Quantum Dots for the Treat-
ment of Breast Cancer in BALB/C Mice Using the 4T1 Cell Line. Iranian Patent No.
100349. Iranian Intellectual Property Center.

Fakhroueian, Z., Esmaeilzadeh, P. and Esmaeilzadeh, P. (2020) The Mirror Strategy
of Nanoparticles against the Coronavirus. International Journal of Nanotechnology
in Medicine & Engineering, 5, 1-4.

DuPré, S.A., Redelman, D. and Hunter, K.W. (2007) The Mouse Mammary Carci-
noma 4T1: Characterization of the Cellular Landscape of Primary Tumours and Met-

astatic Tumour Foci. International Journal of Experimental Pathology, 88, 351-360.
https://doi.org/10.1111/§.1365-2613.2007.00539.x

DOI: 10.4236/anp.2026.154004

108 Advances in Nanoparticles


https://doi.org/10.4236/anp.2026.154004
https://doi.org/10.1111/j.1365-2613.2007.00539.x

Z. Fakhroueian et al.

Supplementary Material

Historical Preclinical Development and Intellectual Property of the ZF-148
Nanodrug

Supplementary background to the present ZF-148-2 preclinical study

S1.1. Experimental Evaluation of the Original Nanodrug ZF-148 in a 4T1 Mu-
rine Breast Cancer Model

The development of the ZnO quantum dot-based nanodrug has followed a
long-term research pathway spanning approximately 13 years, progressing from
initial 7n-vitro investigations to repeated in-vivo studies in experimental cancer
models. The early stages focused on the biological activity of ZnO quantum dots
and their potential as active nanotherapeutic materials rather than merely as drug-
delivery carriers. The initial studies demonstrated the in-vitro cytotoxic effects of
modified ZnO quantum dots against MCEF-7 breast cancer cells, establishing an
experimental foundation for their biological application. The research was subse-
quently extended to additional ZnO nanoformulations and Ag/Fe/ZnO nanocom-
posites, with their cytotoxic effects evaluated against MCF-7 breast cancer cells.
The ZnO quantum dot platform was then investigated in several cancer-cell mod-
els together with in-vivo biological evaluation. Further studies examined novel
ZnO quantum-dot nanoparticles against breast cancer stem-like-cell-enriched
mammospheres, including investigations of proliferation, apoptosis, stemness-re-
lated characteristics, and relevant signaling pathways. These studies extended the
research beyond conventional breast cancer cell models toward cellular popula-
tions associated with tumor initiation, recurrence, metastatic behavior, and ther-
apeutic resistance. The research subsequently progressed to animal breast cancer
models. The original ZnO quantum dot-based nanodrug, ZF-148, was evaluated
in a 4T1 murine breast cancer model over a two-year experimental period (2018-
2020). During the first year, different concentrations of the nanodrug were pre-
pared to assess potential side effects, and clinical and laboratory investigations
were conducted over six months in laboratory mice at the laboratory of Zist Fara-
vard Pars Company, located in the industrial city of Rasht. The formulation was
protected by patent in 2015, and the findings from this phase were subsequently
published in Artificial Cells, Nanomedicine, and Biotechnology in 2018 [18].

The 4T1 cell line, obtained as a vial from the Pasteur Institute of Tehran, was
used in this animal study. This highly aggressive cell line is derived from a spon-
taneous mammary tumor in BALB/c mice and exhibits characteristics that make
it a suitable model for human breast cancer, including efficient tumor establish-
ment in the mammary gland and spontaneous metastatic progression to lymph
nodes, blood, liver, lungs, brain, and bones [9]. The cells were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum. For tumor induction,
1 x 10° cells suspended in 50 uL PBS were injected subcutaneously into the region
between the fourth and fifth mammary glands. Following confirmation of tumor
development, the animals were randomly divided into five groups of nine mice

each: Group A, healthy BALB/c female mice receiving no treatment; Group B,
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tumor-bearing BALB/c female mice receiving no treatment; Group C, tumor-
bearing BALB/c female mice treated intraperitoneally with 20, 40, and 60 pug/mL
of the nanodrug in a 0.5-mL volume every other day after palpable tumor for-
mation; Group D, tumor-bearing BALB/c female mice treated by intravenous (IV)
injection; and Group E, tumor-bearing female BALB/c mice receiving the drug
orally for two weeks. Throughout the treatment period, vitamin C (1000 mg/day)
was added daily to the drinking water of all investigated groups.

Laboratory evaluations included cytological, nutritional, and behavioral stud-
ies, as well as measurements of body weight, tumor weight, and serum cholesterol
levels. Primary biopsy samples were collected from the affected area upon tumor
observation, and a second biopsy was performed after treatment for comparative
histopathological analysis. At the end of the study, the tumor-control group showed
significant body-weight loss during the experimental period, whereas treated
groups partially recovered from tumor-induced weight loss. Post-mortem tumor-
weight measurements demonstrated a statistically significant reduction in all
nanodrug-treated groups compared with the tumor-control group. Growth-inhi-
bition analysis further demonstrated marked suppression of tumor growth in
treated groups relative to untreated controls. Histopathological examination
showed that tumors in the control group consisted predominantly of viable tumor
cells with only a small necrotic region, whereas the highest degree of necrosis was
observed in the nanodrug-treated groups. Immunocyte infiltration within mam-
mary tissue, assessed on hematoxylin and eosin-stained slides, revealed that neu-
trophils, plasma cells, and lymphocytes were absent in tumor-control tissues but
clearly present in the mammary tissue of nanodrug-treated animals. Among the
administration approaches evaluated in this initial study, the 40 ug/mlL oral regi-
men administered by gavage for two weeks produced the most favorable response
in tumor volume and tumor size reduction compared with the intraperitoneal and
intravenous routes. Under the conditions of that study, this regimen resulted in
complete tumor eradication and prevented detectable metastasis to other tissues
and organs in the treated mice. These findings provided important initial in-vivo
evidence supporting the antitumor potential of ZF-148 in the aggressive 4T1
breast cancer model. Importantly, this initial 4T1 animal study provided the ex-
perimental and preclinical foundation for the subsequent animal investigations.
The observed tumor-growth inhibition, tumor eradication, absence of detectable
metastasis, and histopathological responses supported continuation of the re-
search program through further in-vivo studies designed to obtain additional ev-
idence on therapeutic efficacy, survival, pathological responses, and treatment-
related safety. Following this initial study, the research was continued through
additional preclinical investigations. For the subsequent animal studies and addi-
tional experiments, the same formulation was designated ZF-148-2.

ZF-148-2 is the same formulation as the original ZF-148; the designation “ZF-
148-2” was used to distinguish the subsequent studies from the earlier investiga-

tions conducted under the name ZF-148 and to indicate the continuation of the
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research program.

The recent three-year research phase has therefore continued the original ZF-
148 research pathway through further animal investigations. The present study
represents a further step in this continuing preclinical investigation of the same
ZnO quantum dot-based nanodrug, providing additional evidence on its anti-
tumor efficacy, survival benefit, histopathological response, and treatment-related
safety, and contributing to its continued development toward clinical evaluation
for breast cancer.

S1.2. Technology Development and Intellectual Property

Since 2013, more than thirteen years of continuous research and development
have been devoted to the ZF-148 nanomedicine, encompassing extensive in vitro
and in vivo biological evaluations conducted in different experimental settings
and through research collaborations. The first technological milestone was achieved
through the registration of Iranian Patent No. 84862 on 5 February 2015 (05/11/
1393), entitled “Production of a Zinc Oxide Quantum Dot Composite Nanodrug
and Evaluation of Its /n Vitro Cytotoxicity Against KB44 Oral Cancer, MCF-7
Breast Cancer, HT29 Colon Cancer, and HeLa Cervical Cancer Cell Lines, To-
gether with an /n Vivo Mouse Ear-Swelling Standard Test.” [25] This patent es-
tablished the original ZnO quantum dot nanodrug platform and documented its
initial anticancer potential through in vitro evaluation against several cancer cell
lines and preliminary in vivo biological assessment. The findings from the earlier
research were reported in the scientific literature in 2014 [14], providing an early
published record of the biological investigation of this nanomedicine. The re-
search program subsequently progressed to further biological investigations of the
same nanodrug, including studies in the 4T1 breast cancer animal model, as well
as studies examining its antitumor effects and different routes of administration
in BALB/c mice. A further technological milestone was achieved through the reg-
istration of Iranian Patent No. 100349 on 15 February 2020 (26/11/1398), entitled
“Formulation and Preparation of a Water-Based Nanofluid Containing Zinc Ox-
ide Quantum Dots for the Treatment of Breast Cancer in BALB/c Mice Using the
4T1 Cell Line.” [26] The associated 4T'1 animal-model research was subsequently
published in 2022 [20] in Advances in Nanoparticles (ANP) under the title “In
Vivo Animal Model Evaluation of a Powerful Oral Nanomedicine for Treating
Breast Cancer in BALB/c Mice Using 4T1 Cell Lines without Chemotherapy.” The
study reported the evaluation of the ZnO quantum dot-based nanodrug in BALB/c
mice bearing 4T1 breast tumors and provided further in vivo evidence of its anti-
tumor activity and biological effects.

Following the publication of these 4T1 animal-model findings in 2022 [20], the
results attracted considerable attention from scientific and professional commu-
nities, including relevant pharmaceutical and medical forums, conferences, and
scientific journals. This scientific interest provided further impetus to continue
the investigation of the nanodrug in the 4T1 model. Accordingly, additional ani-

mal studies were undertaken in collaboration with other experienced research
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groups to obtain further and independent evidence regarding its antitumor effi-
cacy, reproducibility, and biological safety. The designation ZF-148-2 was subse-
quently used for these later animal studies to distinguish the continuing work
from the previously registered and reported studies. This designation refers to the
same nanodrug formulation investigated throughout the research program. Col-
lectively, the two registered patents and the successive body of published and un-
published preclinical investigations conducted over more than thirteen years doc-
ument a sustained research program focused on the systematic biological evalua-
tion of this ZnO quantum dot-based nanodrug. The accumulated evidence, in-
cluding reproducible antitumor activity, favorable histopathological findings, and
the absence of detectable major-organ toxicity in the relevant studies, provides a
substantial scientific and technological foundation for the continued translational
development of ZF-148-2 toward future clinical evaluation.

S2.

“Historical Preclinical In Vivo Evaluation of the Original ZF-148 Nanodrug
Using the 4T1 Murine Breast Cancer Cell-Line Model (2018-2020; Basis for
Publication [20] and the Second Patent Registration in 2020)”

The development of the ZnO quantum dot-based nanodrug has followed a
long-term research pathway spanning approximately 13 years, progressing from
initial in-vitro investigations to repeated in-vivo studies in experimental cancer
models. The early stages focused on the biological activity of ZnO quantum dots
and their potential as active nanotherapeutic materials rather than merely as drug-
delivery carriers. The initial studies demonstrated the in-vitro cytotoxic effects of
modified ZnO quantum dots against MCF-7 breast cancer cells, establishing an
experimental foundation for their biological application. The research was subse-
quently extended to additional ZnO nanoformulations and Ag/Fe/ZnO nanocom-
posites, with their cytotoxic effects evaluated against MCF-7 breast cancer cells.
The ZnO quantum dot platform was then investigated in several cancer-cell mod-
els together with in-vivo biological evaluation. Further studies examined novel
ZnO quantum-dot nanoparticles against breast cancer stem-like-cell-enriched
mammospheres, including investigations of proliferation, apoptosis, stemness-re-
lated characteristics, and relevant signaling pathways. These studies extended the
research beyond conventional breast cancer cell models toward cellular popula-
tions associated with tumor initiation, recurrence, metastatic behavior, and ther-
apeutic resistance. The research subsequently progressed to animal breast cancer
models. The original ZnO quantum dot-based nanodrug, ZF-148, was evaluated
in a 4T1 murine breast cancer model over a two-year experimental period (2018-
2020). During the first year, different concentrations of the nanodrug were pre-
pared to assess potential side effects, and clinical and laboratory investigations

were conducted over six months in laboratory mice at the laboratory of Zist Fara-

vard Pars Company, located in the industrial city of Rasht. The findings from this
phase were subsequently published in Artificial Cells, Nanomedicine, and Bio-
technology: An International Journal in 2018, and the formulation was subse-

quently protected by patent.
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