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The ability of cancer to develop drug-resistance, in parallel with the undesired effects of chemotherapy,
has led to the development of safe nanoparticles characterized by multi-sensitivity. Herein we focus on
the synthesis and exploitation of the synthetic route of hybrid silver—iron oxide Nfs and their successful
coating with citrate. The parameters of the synthetic route affecting the uniform formation of the Nfs
are investigated to optimize the experimental route and the attained Nfs. Most importantly, the study

Received 8th March 2025, focuses on the evaluation of the Nfs as theranostic agents in the case of glioblastoma. The results

Accepted 17th April 2025 suggest that the Nfs are good candidates for CT contrast agents, as the contrast is enhanced after treat-
DOI: 10.1039/d5ma00210a ment. The in vitro evaluation shows that the Nfs exhibit cytotoxicity towards glioblastoma cells, whereas
no significant toxicity towards red blood cells is reported. Finally, internalization studies provide insight

rsc.li/materials-advances information that helps unveil the exact mechanism of action of the Nfs.
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1. Introduction

Glioblastoma (GBM) is the most common and aggressive malig-
nant brain tumor, with an incidence of 3-5 cases per 100000
people annually and a poor prognosis, as the median survival is
only 12-18 months." Current treatment options, including surgery,
radiotherapy, and chemotherapy, face significant limitations.
GBM’s high invasiveness makes complete surgical removal diffi-
cult, while the blood-brain barrier (BBB) restricts drug delivery.
Additionally, tumor heterogeneity, therapeutic resistance, immune
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evasion, and rapid recurrence contribute to treatment failure.
Future strategies, such as nanotechnology-based drug delivery,
targeted molecular therapies, immunotherapy, and gene thera-
pies, hold promise for improving patient outcomes.”> However,
overcoming these challenges remains a major hurdle in GBM
treatment. The current “gold standard” treatment combines
chemotherapy, radiotherapy, and surgical interventions. Among
chemotherapeutic agents, temozolomide remains the most
widely used and effective, having been approved by the EMA
and FDA in 1999.* While this multimodal approach may extend
patient life expectancy, it does not achieve a complete cure or
long-term survival. Consequently, extensive research has been
conducted to identify vulnerabilities in glioblastoma that could
lead to the development of more effective therapies.! In recent
years, nanotechnology has emerged as a promising avenue for
developing novel therapeutic agents aimed at reducing the
chemotherapy side effects and overcoming cancer’s drug resis-
tance mechanisms. An increasing number of pharmaceutical
products incorporate nanoparticles, underscoring their potential
in cancer treatment®” Multifunctional nanostructures have gained
significant attention in biomedical applications, particularly for
cancer therapy. Ebrahimi et al. (2016) synthesized, characterized,
and tested silver-iron nanoparticles for apoptosis induction using
flow cytometry, while their influence on bax gene expression was
analyzed via qRT-PCR. Nanoparticles demonstrated cytotoxicity
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and apoptosis, with the strongest effect observed in the nano-
particle synthesized using glucose as a reducing agent. Upregulation
of bax gene expression suggested activation of the intrinsic apopto-
sis pathway, influenced by stress-related transcription regulators.
These findings highlight the potential of silver-iron oxide hybrid
nanoparticles for targeted cancer therapy by taking into advantage
their dual nature.® Iron oxide nanoparticles have emerged as
promising agents for cancer diagnosis and treatment due to their
magnetic properties and biocompatibility. These nanoparticles can
be functionalized with drugs or phytochemicals for targeted delivery
and have applications in thermoablation, hyperthermia, and mag-
netic resonance imaging (MRI).” Das et al. (2016) report that Ag/
Fe;0, nanoflowers boost the specific absorption rate by one order of
magnitude under combined magnetic and laser irradiation.'® Erdo-
gan et al. (2021) demonstrate that silver nanoparticles produced via
green chemistry reduce cell proliferation and migration in U87
glioblastoma cells, a change accompanied by lower Bcl-2 levels and
higher Bax and caspase-3 activities."" Gholami et al. (2018) describe
chitosan nanoparticles loaded with doxorubicin that deliver the
drug in a pH-sensitive manner and shorten 7T, relaxation times in
C6 glioma cells. Nikolopoulou et al (2023) notes that hybrid
Ag@SiO, core-shell nanoparticles exert anticancer effects against
glioblastoma cells while exhibiting only minor toxicity toward
healthy cells,"> and Zhang et al. (2021) indicates that metal-phenolic
network nanoparticles elevate intracellular reactive oxygen species
and induce ferroptosis, along with enhanced MRI and photother-
mal responses.'® Reported particle sizes span approximately 141 to
184 nm, while synthesis methods range from green chemistry and
ionic gelation to modified sol-gel techniques. Reaction time and the
Ag/Fe ratio prove to influence nanoparticle morphology and dual
imaging capability via silver or iron components. These findings
support the view that silver-based and hybrid silver-iron nano-
particles can serve as multifunctional agents in glioblastoma ther-
anostics. Other studies have explored combining iron oxide
nanoparticles with other materials to enhance their functionality.
Conjugated polymer nanoparticles incorporating iron oxide
cores have been developed for simultaneous MRI and fluores-
cent imaging of brain tumors.'® Similarly, silver/iron oxide
hybrid nano-popcorns have shown potential for imaging and
therapy, demonstrating photothermal thrombolytic effects,
anticancer activity, and MRI capabilities. These hybrid nano-
particles exhibited low toxicity and no long-term retention in
mouse organs, suggesting their potential for diagnosing and
treating various diseases." Generally, an approach for multi-
sensitive nanomaterials has been recently reported in literature,
where iron is contributing to the diagnostic potential of the
nanomaterials, whilst the incorporation of noble metals such as
silver improves the response to phototherapy.'®

Based on the recent silver-iron nanoparticles studies, our
work investigates the theranostic potential of hybrid Nfs, focusing
on understanding the mechanisms underlying their formation
during synthesis. Key synthesis parameters are examined to
determine the optimal conditions for producing Nfs with desirable
properties. The physicochemical characteristics of the Nfs are
analyzed using various techniques, including size measurement
methods, FT-IR, UV-Vis spectroscopy, and pXRD. Additionally, the
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theranostic potential of the Nfs is evaluated through in vitro
protocols, including cytotoxicity assays, internalization studies,
reactive oxygen species (ROS) evaluation, and hemocompatibility
tests. These biological assessments provide insights into the Nfs’
biocompatibility, ability to induce oxidative stress, and cellular
localization, as observed via microscopy techniques. Additionally,
the theranostic potential of the Nfs is evaluated through in vitro
protocols, including cytotoxicity assays, internalization studies,
reactive oxygen species (ROS) evaluation, and hemocompatibility
tests. These biological assessments provide insights into the Nfs’
biocompatibility, ability to induce oxidative stress, and cellular
localization, as observed via microscopy techniques.

The results indicate that uniform Nfs form under extended
reaction times and low Ag/Fe ratios. Longer reaction times are
associated with increased Nf size, while citrate coating has
minimal impact on their physical properties. In vitro studies
suggest that both coated and uncoated Nfs exhibit anticancer
activity while maintaining hemocompatibility. Their fluores-
cence (due to silver content) and detectability through iron-
based Prussian blue staining highlight their dual diagnostic
and therapeutic capabilities.

The CT measurements along with apoptosis-necrosis eva-
luation and identification of endocytosis pathway verify the
possible anticancer activity of the Nfs as well as their potential
use as contrast agents in diagnostic techniques such as CT scan.
In contrast to previously published studies, this research pro-
vides novel insights into the coating process of these nano-
flowers (Nfs) and its impact on their biological activity, which, to
the best of our knowledge, has not been previously reported. To
date, biological applications of such Nfs are scarcely reported in
the literature, underscoring the novelty and importance of this
study. To our knowledge, this is the first investigation into their
potential for glioblastoma diagnosis and treatment, paving the
way for further research in this field.

It is also noteworthy that these exotic morphologies are
rarely encountered in the literature, and increased documenta-
tion can significantly enhance the overall understanding of this
category of materials.

2. Results and discussion
2.1 Synthesis of silver-iron oxide Nfs (SIONFs)

Hybrid SIONFs are synthesized via a solvothermal process,
wherein silver (forming the core of the Nf) is reduced first,
followed by the reduction of iron to create petal-like structures
around the silver core. These complex nanoarchitectures of
silver and iron oxide are not well-documented in the literature,
with only a few studies published to date. Building on, previous
work, such as Zhang et al. (2012), which explored the formation
mechanism of Nfs with varying Ag/Fe ratios and reaction
times,” this study further investigates the effects of these
synthetic parameters. Specifically, we evaluated Ag/Fe ratios
of 0.15, 0.18, and 0.20, alongside reaction times of 6, 8, 12, and
24 hours, to determine their impact on the size, morphology,
and structure of the Nfs. (Table 1). Since there is only one

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthetic parameters for different Nfs and TEM size values

Nfs Ag/Fe ratio Reaction time TEM size of Nfs

Nf 24H 0.2R 0.2 24 h 80.75 nm + 10.12
Nf 8H 0.15R 0.15 8h 54.36 nm £ 13.40
Nf 6H 0.18R 0.18 6h 47.42 nm + 12.87
Nf 12H 0.2R 0.2 12 h 83.25 nm + 15.89
Nf 12H 0.18R 0.18 12 h 68.00 nm =+ 13.28

Table 2 Comparison of our tested parameters with literature available
data

Case study Ag/Fe ratio Reaction time
Current study 0.2 24 h

0.15 8h

0.18 6h

0.2 12 h

0.18 12 h
Literature available data 0.15 4h

0.30 8h

0.60 8h

reference in literature so far concerning these parameters, we
obtain results with different ratios of precursors and reaction
times and are able to confirm the proposed conclusions regard-
ing the effect of the synthetic parameters on the result of the
size and shape of the obtained nanoparticles and support it
with additional data (Table 2)."” From the TEM results as far as
morphology is concerned, we notice that the increase of the
reaction time leads to formation of uniform Nfs with district
cores and petals. On the other hand, when comparing the
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results with the different ratios of silver and iron the changes
in shape are not so obvious. While increasing the ratio of
silver:iron there is a slight increase on the size of the Nfs,
while the Nfs shape is more uniform (Fig. 1).

2.2 Physicochemical characterization

The colloidal stability of the Nfs is studied by DLS and Zeta
potential measurements. The determination of size by the DLS
can be different from the results of TEM, because DLS calcu-
lates the hydrodynamic diameter of the nanoparticles and not
their actual size. These differences in size can be attributed to
the fact that the nanoparticles exhibit intramolecular interac-
tions with the dispersant, herein is water, that can cause an
increase in the measured size by DLS'® (Table 3 and Fig. 2,
Fig. S1-S3, ESIT). The structural characterization of the Nfs
includes the UV-Vis study, the FT-IR and PXRD spectra of the
synthesized Nfs. The hybrid nature of the Nfs results in two
absorbance peaks in the UV-Vis study, which are accredited to
silver and iron. Silver is known to appear SPR band at the UV-
Vis region at around 00 nm.'?° As shown in the obtained
spectra, the presence of silver is confirmed by the appearance
of these absorbance bands in all the synthesized Nfs. The
shifting of the silver peak from one case to another is caused
by the different sizes of the silver cores formed. A shift to the
red region complies with an increase in the size of the silver
core. In a similar way the shifting in the iron’s peak at around
700 nm can be explained (Fig. 2)."” In the FT-IR spectra of
the Nfs characteristic carboxyl group C=0, C-O stretching and

Fig. 1 TEM images of (A) Nf 24H 0.2R, (B) Nf 8H 0.15R, (C) Nf 6H 0.18R, (D) Nf 12H 0.2R and (E) Nf 12H 0.18R.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results of DLS, zeta potential and TEM of synthesized Nfs

Nfs dprs (nm) { (mv) PdI index drem size (NM)
Nf 24H 0.2R 220.3 —21.4 0.300 80.8

Nf 8H 0.15R 971.4 —16.1 0.359 54.4

Nf 6H 0.18R 1078 —2.82 0.444 47.4

Nf 12H 0.2R 296 —14.3 0.374 83.2

Nf 12H 0.18R 396.3 —14.8 0.289 68

O-H stretching attributed to the sodium acetate stabilizing the
Nfs is detected at 1634 cm™', 1038 cm ' and 3263 cm™*
respectively (Fig. 3), confirming the role of sodium acetate as
a stabilizing agent.”!

Powder X-ray diffraction (pXRD) is a key characterization
method for determining the properties of nanoparticles. XRD
measurements provide valuable insights into crystal structures,
which can be crucial for evaluating their potential applications,
such as use as contrast agents. In this study, the characteristic XRD
peaks observed in all cases of the Nfs indicate that iron is present
as magnetite, with notable planes at (220), (311), (400), (511), and
(440). This finding aligns with the experimental observation of the
Nfs’ magnetization during the washing process at the conclusion
of the synthesis (Fig. 4). For silver, the characteristic planes
observed at (111), (220), and (200) correspond to a face-centered
cubic (fcc) structure, confirming the crystallinity of the Nfs.*?

100
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Nf-24h 0.2R
Nf-12H 0.2R

Nf-8H 0.15R
Nf-12H 0.18R
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%
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v (cm")
Fig. 3 FT-IR spectra of the Nfs.

2.3 Coating of Nfs with citrate

2.3.1 Physicochemical characterization of coated Nfs. To
improve Nfs colloidal stability as well as their biocompatibility
Nfs are divided into three basic groups and are functionalized with
citrate. The Nfs are physicochemically and biologically character-
ized to study the impact of the coating on and the corresponding
properties. The coating is successfully completed by mixing the
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Fig. 2 Size (TEM), zeta potential and UV spectra of the hybrid Nfs.
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Fig. 4 Comparative pXRD spectrums of hybrid Nfs.
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obtained Nfs that were dispersed in water with trisodium citrate
and leaving the admixture under stirring at a speed of 1200 ppm
and at 60 °C overnight. Specifically, in a spherical flask of 10 mL,
5 mL of uncoated nanoflowers were added followed by the
addition of trisodium citrate to achieve a final concentration of
1 mg mL ™", which is considered an adequate quantity to achieve
the coating of the nanoflowers due to the absence of a coating of
increased stability. The purification of the Nfs is followed by
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Fig. 6 UV-Vis spectra of coated-coated Nfs.

multiple washings with ethanol (x2) and water (x3) using a magnet,
in order to remove excess unreacted citrate. The resulting coated
Nfs are redispersed in water for further characterization. The
morphology as expected did not show any changes from the
coating process (Fig. 5). The primary physicochemical character-
ization of the coated Nfs includes DLS and TEM measurements
and the studies of the UV-Vis and IR spectrums.

As shown in Fig. 6, the peaks of silver and iron do not change
significantly, indicating the stability of the Nfs after the coating
process and the maintenance of these specific physicochemical
properties.

The DLS results show the improvement of colloidal stability,
which translates to lower PdI values and negatively higher Zeta
Potential values (Table 4 and Fig. S4, S5, ESIt). As elaborated

Fig. 5 TEM images of citrate-coated Nfs (A) Nf 6H 0.18R, (B) Nf 12H 0.2R, (C) Nf 12H 0.18R.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Results of DLS, zeta potential and TEM of citrate-coated Nfs

Nanoflowers dumis) (hm) ( (mV) PdIindex drgy (nm)
Nf@citrate 12H 0.18R  147.0 —18.8 0.156 98.6
Nf@citrate 12H 0.2R 246.4 —19.1 0.236 52.4
Nf@citrate 6H 0.18R 190.4 —-17.8 0.293 107.3

widely in literature, low PdI values are associated with increased
uniformity of the obtained nanoparticles, which is crucial for
the subsequent biological applications.>*** Moreover, the FT-IR
spectra of the coated Nfs (Fig. 7) confirms the presence of the
coating, due to the stretching vibrations observed at 1350 cm™"
and 1600 cm ™, attributed to the stabilizing molecules of citrate.

Nf@citrate 12H 0.18R

Nf@citrate 12H 0.2R
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2.3.2 Computed tomography imaging. CT imaging was
used to measure the contrast-enhancing properties of both,
the bare silver Nfs and citrate-coated silver Nfs. We investigated
four different silver concentrations (0.001, 0.01, 0.02, and
0.05 mM) to determine if a concentration-dependent CT signal
enhancement could be observed. CT signal intensity increased
with rising silver concentration in both types of nanoparticles
(Fig. 8(A) and (B)). No significant difference in CT signal was
observed between the bare and citrate-coated silver Nfs at
corresponding concentrations, suggesting that the citrate coating
does not substantially impact the contrast enhancement efficacy.
It is worth noting that the quantitative analysis of CT signal
(Fig. 8(A) and (B)) revealed consistent trends, while subtle

Nf@citrate 6H 0.18R

e
>~
T T ' T T T ' T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
v (cm™)
Fig. 7 FT-IR spectra of the citrate-coated Nfs.
A. B.
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Fig. 8 Computed tomography imaging and analysis of the Nfs (a) and the citrate-coated Nfs (b).

3566 | Mater. Adv., 2025, 6, 3561-3583

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00210a

Open Access Article. Published on 21 April 2025. Downloaded on 1/13/2026 4:06:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

differences were sometimes difficult to discern visually. It is of
outmost important to emphasize that there exists only one other
literature reference regarding the diagnostic potential of the
hybrid silver-iron oxide nanoflowers. However, the findings of
Wang et al. suggest that the nanoflowers are suitable for MRI
agents, whereas the present study investigates and demonstrates
the application of the nanoflowers as CT agents. Nevertheless, both
studies corroborate and support the presence of dual properties in
the nanoflowers and thus their multipurpose nature.”® Lastly, it is
important to highlight the findings of Moonshi et al. that proved the
effectiveness of iron-silver nanospikes as dual-imaging tools.*®

2.4 Biological evaluation of hybrid Nfs and coated hybrid Nfs

2.4.1 Hemocompatibility study. Both coated and uncoated
hybrid Nfs exhibit negligible to no hemolysis (Fig. 9), indicating
their hemocompatibility, a critical factor for theranostic appli-
cations. These findings are further supported by the optical
examination of the supernatants after centrifugation, where
the absence of a red color confirms the lack of released
hemoglobin.?”*® (Fig. S8, ESIt).

While hemolysis results provide insights into toxicity toward
red blood cells (RBCs), they may not reveal indirect toxicity,
such as structural abnormalities, which can ultimately lead to
cell death. However, as shown in Fig. 10(a)—(c), no structural
alterations were observed for any of the tested Nfs, supporting
their presumed high biocompatibility with RBCs.*’

2.4.2 In vitro cytotoxicity study. Both bare and coated Nfs
are evaluated in both healthy (HaCat) (Fig. 11(a) and (b)) and
cancer cells (U87-MG) (Fig. 12(a) and (b)) to exploit their
anticancer properties. The results of the MTT assay indicate a
concentration-dependent effect on cell viability in both healthy
and cancer cell lines. Notably, the coating plays a significant
role in determining the resulting toxicity. The highly negative
surface potential of the coated Nfs enhances their interaction

Hemolysis Assay
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with cell membranes, leading to increased toxicity. While this
may seem contradictory to the protective intent of a coating,
similar effects have been reported in the literature and could
explain the preference for alternative coating materials, such as
PEG or polysaccharides. The purpose of using citrate as a
coating agent was to specifically investigate its effects and draw
conclusions, as no prior data exists for Nfs with this type of
coating.**?" Additionally, it is well-established that nano-
particle size is inversely proportional to cell viability, further
contextualizing the observed effects.”> The present study does
not identify such a pattern, which can be attributed to the
“exotic” morphology of the Nfs and the resulting complexity of
their exact mechanism of toxicity toward cells. An extensive
literature review has been conducted to further substantiate the
obtained data. It is widely documented that citrate is among the
most prevalent coating materials. Two principal factors have
been identified to account for the increased toxicity of the coated
nanoflowers. Firstly, the enhanced negative surface charge on the
nanoparticles’ surface leads to their aggregation, thereby increas-
ing toxicity. Secondly, a recent study demonstrated that greater
coating complexity results in reduced oxidation, thereby decreas-
ing the toxicity of the coated nanomaterials. Given that citrate is
not considered complex as a coating material and based on the
previously mentioned data, this finding supports and elucidates
the obtained data.****

Regarding the statistical analysis that is performed for the
cytotoxicity results obtained, it should be noted that One-way
Anova is considered an appropriate statistical tool that is suitable
for the analysis of the difference (if occurs) between the mean
values of two or more groups. It is important to analyze and
conclude the difference between the different nanoflowers and
different concentrations, as those conclusions can lead to in
depth understanding and linkage of the nanoparticle’s toxicity
with respects to their properties. Also, it should be noted that the

Nf 24H 0.2R
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Fig. 9 % Hemolysis of RBCs after 3 h treatment with synthesized NPs.
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Fig. 10 (a) Optical observation of RBCs after incubation with (A1), (A2) Nf 24H 0.2R, (B1), (B2) Nf 8H 0.15R and (C1), (C2) Nf 6H 0.18R, at concentrations 1:

15 ug mL~t and 2: 25 ng mL~% (b) Optical observation of RBCs after incubation with (A1), (A2) Nf 12H 0.2R, (B1), (B2) Nf 12H 0.18R, at concentrations
1: 15 ug mL~* and 2: 25 ug mL~2. (c) Optical observation of RBCs after incubation with (A1), (A2) Nf@citrate 6H 0.15R, (B1), (B2) Nf@citrate 12H 0.2R and
(C1), (C2) Nf@citrate 12H 0.18R, at concentrations 1: 15 pg mL™t and 2: 25 pg mL™™%.

study is repeated three times, in order to ensure the robustness of
the findings, due to the high variability of the MTT assay.
Moreover, the robustness of the method used has been ensured
by the use of DMSO that increases the accuracy of the MTT
assay, as suggested in literature.?® At this point it is important to
clarify and justify the difference that is observed between
healthy and cancer cells. As mentioned in literature due to the

3568 | Mater. Adv, 2025, 6, 3561-3583

higher metabolic activity of tumour cells, there is higher ROS
production and this leads to the susceptibility of cancer cells to
present ferroptosis. On the contrary, this phenomenon does not
take place in healthy cells. Given the increased iron availability
inside glioblastoma cells, this explains why there is higher
toxicity of the hybrid nanoflowers towards U87-MG cells than
HaCat cells. The abovementioned rationale explains sufficiently

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) In vitro toxicity of hybrid uncoated Nfs in healthy HaCat cells. (Statistical analysis by One-way ANOVA with Tuckey multiple comparisons, ns:

non-significant). (b) In vitro toxicity of hybrid coated Nfs in healthy HaCat cells. (Statistical analysis by One-way ANOVA with Tuckey multiple

comparisons, ns: non-significant).

the difference in the results of healthy and cancer cells.>***° The
abovementioned conclusion has been also confirmed by a recent
study on iron-silver nanospikes and their effectiveness as dual
imaging probes as well as synergestic chemotherapeutics.*®

2.4.3 Internalization studies. The dual nature of the
synthesized Nfs possesses several advantages on their biologi-
cal properties but also facilitates their study by taking advan-
tage of different evaluation methods based on silver or iron
oxide present.

2.4.3.1 Investigation of internalization by Prussian blue proto-
col. The presence of iron oxide on the outer part of the Nfs
enables their tracking using the Prussian blue staining proto-
col. Treatment with the Pearls reagent results in a blue colora-
tion at the locations of the Nfs within the cells. This allows for
confirmation of their internalization and investigation of their
specific localization. In Fig. 13(a)-(c), the internalization inside
healthy HaCat cells is observed. In all cases of Nfs, blue spots
can be identified at the outer lining of the cells. No significant

© 2025 The Author(s). Published by the Royal Society of Chemistry

differences can be observed, except the cases of Nf 24H 0.2R
and Nf 12H 0.18R where there seems to be higher internaliza-
tion and can be attributed to their smaller size.

The same procedure is followed for the study regarding
glioblastoma cells. As shown in Fig. 14(a)-(c), the internaliza-
tion compared to healthy cells is much more intense. These
results suggest that internalization is more favorable in glio-
blastoma cells compared to healthy cells.">*! Regarding both
cases (healthy and cancer cells) it is noted that the results of the
staining are not in agreement with the cytotoxicity study results
e.g. Nf 6H 0.18R. To clarify the light staining of the cells
compared to the significant cytotoxicity levels, the first step is
the literature review for any available data regarding this type of
Nfs. Since these tests have not been reported so far, the next
step is the careful examination of the protocol and the princi-
ples of the method. As it is extensively reported, the Prussian
blue staining appears during the reduction of only Fe*" ions by
the Pearls reagent. In the present case of Nfs, the pXRD results
show that the crystalline structure of all the Nfs is magnetite,

Mater. Adv., 2025, 6, 3561-3583 | 3569
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Fig. 12 (a) In vitro toxicity of hybrid uncoated Nfs in glioblastoma U87-MG cells. (Statistical analysis by One-way ANOVA with Tuckey multiple

comparisons, ns: non-significant). (b) In vitro toxicity of hybrid coated Nfs in glioblastoma U87-MG cells. (Statistical analysis by One-way ANOVA with

Tuckey multiple comparisons, ns: non-significan.

which is found both as Fe*" and Fe**. Thus, the possible
explanation behind some cases with no significant Prussian
blue staining, lies in the quantitative ratio of the two oxidative
states. Although, this is a logical justification of the observa-
tions, the possible explanation is confirmed by conduction of
internalization studies by fluorescence microscopy.** Further-
more, the results of the Prussian Blue staining demonstrate a
greater internalization in glioblastoma cells compared to
healthy cells. This observation aligns with the rationale dis-
cussed in the cytotoxicity section and is consistent with the
findings of the MTT assay. Additionally, the size distribution
and morphology of the nanoflowers are correlated with the
cellular uptake results, as indicated by the Prussian Blue
staining. As illustrated in the microscopy images, nanoflowers
with lower PDI values exhibit higher accumulation within cells,
resulting in more intense blue staining. This phenomenon can
be attributed to the fact that more aggregated nanoflowers
encounter difficulty in entering cells, thereby reducing obser-
vable staining. The aforementioned conclusion concurs with a
recent study that demonstrated the PDI of nanoparticles exerts a
greater influence on their internalization than their { potential®®

3570 | Mater. Adv, 2025, 6, 3561-3583

. Regarding the influence of shape, it is observed that more
uniformly shaped nanoflowers exhibit more intense internaliza-
tion. The presence of more ‘“exotic’” morphologies has been
reported to cause higher internalization into cells due to an
increased surface area that enhances interactions with cells.
Nevertheless, given the similar shape of the nanoflowers across
all synthetic procedures, no specific comparisons are applicable
in the present report, as no significant differences in shape are

observed. ™

2.4.3.2 Investigation of internalization by fluorescence micro-
scopy. As mentioned at the previous study, the duality of the
Nfs’ nature offers monitoring of their action inside the cells by
different protocols based on either silver or iron. It is known
that silver nanoparticles often exhibit fluorescence due to their
unique optical properties."> The pictures of the fluorescence
microscopy show intense green fluorescence of the Nfs, con-
firming the successful internalization of the Nfs and support-
ing the proposed explanation of the previous study results
(Prussian blue staining). In detail, Fig. 15(a)-(c) depict the
fluorescence of all Nfs coated inside healthy cells (HaCat).

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00210a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 April 2025. Downloaded on 1/13/2026 4:06:00 AM.

View Article Online

Materials Advances Paper

P80 e o8 EEUATVY LT Ve T Tes e
Fig. 13 (a) Optical microscopy images of HaCat cells treated with (A1-2) Nf 24H 0.2R, (B1-2) Nf 8H 0.15R and (C1-2) Nf 6H 0.18R and stained with
Prussian Blue after 24 h incubation, at concentrations 1: 15 pg mL™* and 2: 25 ug mL™%. (Scale bar: 10 um). (b) Optical microscopy images of HaCat cells
treated with (A1-2) Nf 12H 0.2R, (B1-2) Nf 12H 0.18R and stained with Prussian Blue after 24 h incubation, at concentrations 1: 15 pg mL~* and
2: 25 ug mL™%, (Scale bar: 10 pm). Optical microscopy images of HaCat cells treated with (A1-2) Nf@citrate 6H 0.18R, (B1-2) Nf@citrate 12H 0.2R and
(C1-2) Nf@citrate 12H 0.18R and stained with Prussian Blue after 24 h incubation, at concentrations 1: 15 pg mL™* and 2: 25 pg mL™2. (Scale bar: 10 um).
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Fig. 14 (a) Optical microscopy images of U87-MG cells treated with (A1-2) Nf 24H 0.2R, (B1-2) Nf 8H 0.15R and (C1-2) Nf 6H 0.18R and stained with
Prussian Blue after 24 h incubation, at concentrations 1: 15 pg mL™*and 2: 25 ug mL™2. (Scale bar: 10 pm). (b) Optical microscopy images of U87-MG cells
treated with (A1-2) Nf 12H 0.2R, (B1-2) Nf 12H 0.18R and stained with Prussian Blue after 24 h incubation, at concentrations 1: 15 pg mL~* and
2:25 g mL™. (Scale bar: 10 pm). (c) Optical microscopy images of U87-MG cells treated with (A1-2) Nf@citrate 6H 0.18R, (B1-2) Nf@citrate 12H 0.2R and
(C1-2) Nf@citrate 12H 0.18R and stained with Prussian Blue after 24 h incubation, at concentrations 1: 15 ug mL~* and 2: 25 ug mL™. (Scale bar: 10 um).

i
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Fig. 15 (a) Fluorescence mlcroscopy images of HaCat cells after 24 h incubation with (A1-2) Nf 24H 0.2R, (B1-2) Nf 8H 0.15R and (C1-2) Nf 6H 0.18R, at
concentrations 1: 15 pg mL™t and 2: 25 pg mL™%. (b) Fluorescence microscopy images of HaCat cells after 24 h incubation with (A1-2) Nf 12H 0.2R and
(B1-2) Nf 12H 0.18R, at concentrations 1: 15 pg mL~* and 2: 25 ug mL™%. (c) Fluorescence microscopy images of HaCat cells after 24 h incubation with
(A1-2) Nf@citrate 6H 0.18R, (B1-2) Nf@citrate 12H 0.2R and (C1-2) Nf@citrate 12H 0.18R, at concentrations 1: 15 pg mL™* and 2: 25 pg mL™2.
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The results regarding the glioblastoma cells show similar
internalization of the Nfs. For both cases, fluorescence is located
on the outer lining of the cell and shows possible accumulation
of the Nfs at the cell membranes (Fig. 16(a)-(c)). It is important to
note that the abovementioned protocols concern qualitive tech-
niques of visualization. The conclusions that can be drawn are
suggestions that should be further confirmed by a quantitative
technique to ensure scientific plenitude of their biological per-
spective in theranostics. Thus, quantitative techniques were also
used to verify and confirm the abovementioned results.

2.4.4. ROS assay. Knowledge around the mechanism of
action of nanoparticles is a key aspect for the design of efficient
and safe nanosystems. One of the most known mechanisms of
induced toxicity of nanoparticles is the formation of ROS
species, which causes oxidative stress to cells and eventually
leads to cell death.*®™*® The results of the ROS Assay obtained,
show a significant difference between the two cell lines. The
fluorescence measured is analogous to the amount of ROS
species formed. In the case of HaCat cells it is shown that
none of the Nfs cause the formation of ROS species as much as
the positive control.(Fig. 17) On the contrary, all the Nfs exceed
the amount of ROS species formed compared to the positive
control. The abovementioned result confirms the previous
results of the biological evaluation and underlines the possible
sensitivity of glioblastoma cells towards the synthesized Nfs.
The generation of ROS species can be attributed to the compo-
sition of the Nfs of iron and silver. The exact mechanism that
shows if both or one of the elements are involved in the
production of ROS cannot be concluded and further studies
are essential to provide such knowledge.***° Despite the lack of
the exact mechanism that induces the production of ROS
species, the results of the present study are of high importance
due to the lack of literature on the discussed Nfs. Nevertheless,
individual silver and iron nanoparticles have been thoroughly
studied regarding ROS induction. As suggested by literature it
is known that silver induces overproduction of ROS by the
disruption of balance between oxidants and antioxidants.
Accordingly, iron causes the production of ROS by participating
in Fenton/Fenton-like reactions that produce oxidative species.
One of the most known mechanisms of ROS induction of iron
nanoparticles is ferroptosis, which leads evidently to cell
death.>** Thus, the ROS production is attributed to both iron
and silver. By comparison of the results between the two cell
lines, it is noted that ROS production is higher in the case of
glioblastoma cells. The abovementioned can be explained based
on recent literature that has proved that cancer cells due to
higher accumulation of iron cause the increased ROS produc-
tion that subsequently leads to the initation of ferroptosis in
cells.**=° Finally, it is important to note that the observation of
higher ROS levels in cancer cells compared to healthy cells has
been recently reported for hybrid silver-iron nanospikes. The
difference between the present and referred study is that the
referred study focuses on nanospikes that have iron oxide as
center and silver as coating, whereas the present study focuses
on nanoflowers with silver as the core and iron oxide as petals.
(Fig. 17 and 18).%°
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2.4.5. Limitations. It is imperative to acknowledge the
limitations of the results obtained thus far and to emphasize
that while their significance is crucial, additional complemen-
tary studies are necessary to draw definitive conclusions regard-
ing their anticancer efficacy. For example, investigations into
the mechanisms by which iron and silver induce reactive oxygen
species (ROS) and the respective contributions of each to the
observed toxicity are essential for elucidating the precise mecha-
nism. This is also related to the MTT assay, where examining
the specific metabolic pathways leading to cell death can
provide valuable insights into the roles of iron and silver, the
impact of morphology, and the differences between coated and
uncoated nanoflowers. Furthermore, internalization studies
could be enhanced through the use of higher-resolution micro-
scopy and specific dyes, such as DAPI, lysotrackers, and mito-
trackers, to identify the exact organelles where nanoflowers are
localized within cells, thereby enabling meaningful correlations
with other data.

2.4.6. Apoptosis-necrosis evaluation. The overall physico-
chemical profile and biological properties of the Nfs did not
exhibit significant differences between different syntheses. Con-
sequently, Nfs 12H 0.2R were selected due to their enhanced
permeability, as demonstrated in internalization studies, to
evaluate the mechanism of action of the Nfs. This evaluation is
of critical importance to determine their further modification to
achieve the design and synthesis of selective nanosystems with
desired biological properties and to comprehensively understand
their interactions with cells. As illustrated in Fig. 19(A) ad (B), Nfs
appear to reduce the viability of cancer cells to a greater extent
when compared to the respective viability of healthy cells.
Furthermore, it is noteworthy that the apoptosis and necrosis
results are also higher in the case of glioblastoma cells, when
compared to HaCat cells. (Fig. 19) The results suggest that the
Nfs exhibit anticancer activity, which is consistent with the rest
of the biological evaluation. The abovementioned conclusion of
the apoptosis study agrees also with a very similar type of
nanoparticles that was recently reported where the nanoparticles
were found to induce high toxicity in different cancer cell lines and
no significant toxicity in healthy cells.*®

Finally, it is noteworthy that these Nfs have not, to our
knowledge, been extensively studied using these protocols in
the existing literature.

2.4.7. Internalization mechanism. As extensively documen-
ted in the literature, the precise mechanism of nanoparticle
internalization can significantly influence their biological activity,
and it is crucial to elucidate this process when designing selective
nanosystems for specific biological targets of diseases. The proto-
col employed facilitates the determination of the internalization
pathway through the use of selective inhibitors of metabolic
pathways.>® As shown in Fig. 20(A) for the case of U87-MG cells,
the mechanism of internalization involves a combination of
pinocytosis and caveolin-mediated endocytosis. The diminutive
size of the Nfs elucidates their uptake through caveolin-mediated
endocytosis, as their dimensions do not exceed 90 nm.>* Moreover,
the presence of larger Nfs substantiates the observation of pino-
cytosis, which occurs for particles of greater size.>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (a) Fluorescence mlcroscopy images of U87-MG cells after 24 h incubation with (A1-2) Nf 24H 0.2R, (B1-2) Nf 8H 0.15R and (C1-2) Nf 6H 0.18R,
at concentrations 1: 15 pg mL™ and 2: 25 ug mL™. (b) Fluorescence microscopy images of U87-MG cells after 24 h incubation with (A1-2) Nf 12H 0.2R

and (B1-2) Nf 12H 0.18R, at concentrations 1: 15 ug mL~*and 2: 25 ug mL™*. (c) Fluorescence microscopy images of U87-MG cells after 24 h incubation
with (A1-2) Nf@citrate 6H 0.18R, (B1-2) Nf@citrate 12H 0.2R and (C1-2) Nf@citrate 12H 0.18R, at concentrations 1: 15 pg mL™ and 2: 25 pg mL™%.
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Fig. 17 ROS Assay results of the synthesized Nfs evaluated at healthy cells (HaCat).
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Fig. 18 ROS Assay results of the synthesized Nfs evaluated at U87-MG.

iioonnmi

iioonnman

View Article Online

Materials Advances

Nf 24H 0.2R

Nf 8H 0.15R

Nf 6H 0.18R

Nf 12H 0.2R

Nf 12H 0.18R
Nf@citrate 6H 0.18R
Nf@citrate 12H 0.2R
Nf@citrate 12H 0.18R
Negative control

Positive control

Nf 24H 0.2R

Nf 8H 0.15R

Nf 6H 0.18R

Nf 12H 0.2R

Nf 12H 0.18R
Nf@citrate 6H 0.18R
Nf@citrate 12H 0.2R
Nf@citrate 12H 0.18R
Negative control
Positive control

A. % %k %k % B.
100
100 H** EE °%Viable cells
=3 %Apoptosis

80 =3 . -~
= = %Necrosis = ‘
3 60- o 60-

(&) (6]
3 404 3 404

o -
20 20—
0- ITI ITI 0 |

Nfs Control

Nfs

Bl %Viable cells
=1 %Apoptosis

mn %Necrosis

Control

Fig. 19 Apoptosis—necrosis evaluation in: (A) HaCaT and (B) U87-MG after 24 h incubation with NFs.
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Fig. 20 Incubation of Nfs with inhibitors of specific endocytosis pathways in a (A) HaCat and in (B) U87-MG.

In the case of HaCat cells (Fig. 20(B)), the results indicate the
absence of a specific internalization mechanism; rather, the Nfs
enter the cells via three distinct mechanisms, with pinocytosis
being the predominant mode of cellular entry. As previously noted,
the larger Nfs enter cells through pinocytosis, while smaller Nfs
utilize a combination of clathrin and caveolin-mediated endocy-
tosis. This conclusion has been corroborated in the literature for
this particular cell line.”® The elucidation of the internalization
pathway can serve as a foundation for the understanding the
processes and steps involved into the observed biological activity of
the Nfs.

3. Experimental

3.1 Equipment

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were obtained on PerkinElmer Spectrum 100 Spectrometer;
the spectra were scanned over the range 4000-400 cm ™~ '. Dynamic
light scattering (DLS) measurements were performed on a Malvern
Instruments Zetasizer Nano Series. In the data presented in this
study, each measurement represents the average value of 3 mea-
surements, with 11 to 15 runs for each measurement. Ultraviolet-
visible (UV-Vis) absorption spectra in the wavelength range of 200-
800 nm was obtained on a Jasco V-650 spectrometer. An ultrasonic
bath was used for sonication (Elma Sonic, S 30H).

3.2 Materials and methods

Silver nitrate 99% (AgNO;) was purchased from Fischer, ethy-
lene glycol (EG) 99% and poly-i-lysine 0.01% were purchased
from Merck, Polyvinylpyrrolidone (PVP) (Myy = 10000) were
purchased from Alfa Aesar. Iron(u) nitrate-9H,0 was purchased
from Riedel-de Haen. Trisodium citrate (Citrate Potassium
Dihydrogen Phosphate) and sodium acetate anhydrous
was purchased from Lach-Ner. Ethanol 99% was pur-
chased from Carlo Erba SA. DMEM high glucose, FBS 10%,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Penicillin-Streptomycin  10%, Glutamine 5% were purchased
from Biosera. MTT was purchased from Cayman Chemical Com-
pany. Adenine >99% was purchased from Apollo Scientific. 1,10-
Phenanthroline hydrate was purchased from Fluorochem. Eosin
was purchased from ROTH.

3.3 Synthesis of silver-iron oxide Nfs (SIONFs)

The synthesized Nfs were prepared according to a solvothermal
method with some modifications.'®"” In a spherical glass vial
10 mL of EG were added followed by the addition of different
amounts of Fe(NO3);-9H,0 and stirred until totally dissolved.
The synthesis continues by the addition of different amounts of
silver nitrate and sodium acetate and the mixture is stirred for
at least 30 min, until the solids are completely dissolved. Then,
the mixture is transferred into a Teflon lined autoclave reactor
and left at 200 °C for different reaction times (6 h, 8 h, 12 h,
24 h). The color of the mixture turns from intense orange into
black-brown and the resulting solution was magnetically sepa-
rated. The resulting precipitate was washed several times with
ethanol and water to discard unreacted reagents. Then the
precipitate was redispersed in water for further use.

3.4 Physicochemical characterization

The size, morphology, and structural characteristics of the Nfs
were determined by a combination of techniques (TEM, DLS,
UV-Vis, FT-IR and PXRD). The morphology of the Nfs was
confirmed by TEM and their size was estimated. DLS data were
also acquired to verify the size of the Nfs as well as their surface
charge, which is another important aspect of their character-
istics, via Zeta Potential measurements. FT-IR spectra and
PXRD confirmed the structural characteristics of the Nfs.

3.5 Determination of iron concentration of the Nfs

The concentration of iron in the synthesized Nfs was deter-
mined by the colorimetric phenanthroline assay. Iron has the

Mater. Adv., 2025, 6, 3561-3583 | 3577


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00210a

Open Access Article. Published on 21 April 2025. Downloaded on 1/13/2026 4:06:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ability to form stable complexes with 1,10-phenanthroline result-
ing into strong orange red colored solutions that exhibit high
absorbance values in the UV-Vis region and more specifically at
510 nm®’. The Nfs are digested in HCI (1:1) v/v at 70 °C for
30 min. The digested Nfs are diluted with water. Then the
following reagents are added to eppendorfs (450 pL sodium
acetate 125 mg mL ™', 50 uL hydroxylamine hydrochloride
10 mg mL~ ", 200 pL of the sample and 300 pL, 1,10 phenanthro-
line 10 mg mL™"). Each sample is assessed in triplicates for
repeatable results. For the quantification of the iron concen-
tration prior to the samples, the procedure is repeated for known
concentrations of iron to create a calibration curve.

3.6 Determination of silver concentration of the Nfs

The amount of silver in the Nfs was quantified by a colorimetric
method that is based on the absorbance of the pink complex
between silver-adenine and eosin.® First, the Nfs were digested
with 1 M HNO; at 50 °C until the solution is clear of color.
Then, the Nfs are diluted with water to 1 mL. The following step
was the addition of 300 pL of adenine solution 1072 M, 500 uL
of PVP 1% aqueous solution, 2.5 mL phosphate buffer pH 6,
500 pL eosin 10> M. and 595 pL of each sample of the Nfs. The
same procedure was followed to create a standard curve using
different concentrations of silver, which was used to calculate
the amount of silver in the samples.

3.7 Computed tomography imaging

A second generation Mediso microPET/CT scanner (nanoPET/
CT, Mediso, Hungary) at the Edinburgh Preclinical Imaging
Laboratory was employed to assess the computer tomography
(CT) contrast enhancement capabilities of the silver Nfs and
silver Nfs coated with citrate. The CT imaging and analysis
method has been previously described.>®®' Imaging parameters
included a tube voltage of 50 kVp, 300 ms exposure time, and
0.38 mm slice thickness. Attenuation coefficients were normal-
ized to water, with subsequent conversion of CT image pixels to
Hounsfield Units (HU) according to the following equation:

HU = 10002 —Fuater
Hater — Mair
where p is the linear attenuation coefficient in each pixel
measured by the CT scanner, and pyaeer and i are the linear
attenuation coefficients of water and air, respectively. CT images
were analyzed using an in-house software.®”®* A cylindrical
volume of interest was drawn at the center of each sample tube
(excluding the boundary areas) and were used to quantify the
mean HU values and standard deviation.

3.8 Hemocompatibility study

The primary evaluation of the synthesized Nfs’ toxicity was
performed by use of the hemolysis assay. Clinical discarded
blood sample was used for hemolysis assay. The procedure was
followed according to existing protocol.'> First, RBCs were
isolated from whole blood by centrifugation at 3000 rpm for
5 min and washed twice with DPBS. The samples of the Nfs
were prepared at 15 pg mL~"' and 25 pg mL~' concentrations
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for a final volume of 300 pL. In 2 mL eppendorfs the following
were added in the mentioned order: 285 pL of each sample, 15 pL
of RBCs and incubated for 3 h at 37 °C synthesized. For the
isolation of the supernatant containing the released hemoglobin,
the samples were centrifuged at 3000 rpm for 5 min and 100 pL of
the supernatant of each sample were transferred in a 96-well plate.
For the isolation of the supernatant containing the released
hemoglobin, the samples were centrifuged at 3000 rpm for 5
min and 100 pL of the supernatant of each sample were trans-
ferred in a 96-well plate. As positive control was used water that
cause full hemolysis of RBCs and releasw of hemoglobin and as
negative control was used DPBS without Ca**and Mg”*. The %
Hemolysis was calculated by measuring the plate at 490 nm using
an Eliza plate reader and the appropriate equation:

. ODsample - ODnegative control

% HemOIySIS B ODpositivc control — ODncgativc control%

where ODg,mple is the absorbance of the sample, ODpggitive control iS
the absorbance of the positive control (Water) and ODjegative control
is the absorbance of the negative control (DPBS).

For the completed evaluation of the hemocompatibility profile
of the Nfs, the treated RBCs were morphologically evaluated by
optical microscopy. In detail, the RBCs were seeded in 24-well
plates and incubated for 3 h with the Nfs at the selected
concentrations. At the end of the incubation, the RBCs were
observed under the optical microscope for the examination of
possible structure alterations induced by Nfs’ toxicity.

3.9 Cell culture

Cytotoxicity assessment of the synthesized nanoparticles as
well as their cellular uptake was performed at two different cell
lines: healthy (HaCat, human epidermal keratinocyte healthy
cell line) and U87-MG: Uppsala 87 Malignant Glioma cancer
cell line). The cells were cultured in a Dulbecco’s Modified
Eagle Medium high in glucose (DMEM) containing 10% Fetal
Bovine Serum (FBS), 10% Penicillin-Streptomycin and 5%
Glutamine inside a CO, incubator (37 °C, 5% CO,).**

3.10 In vitro cytotoxicity study

The effect on the viability of the cells for the two different cell lines
was measured with the MTT assay, according to the established
protocol.”” The method is based on the ability of live cells to
reduce MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
bromide) via their mitochondrial reductase into purple dissoluble
formazan crystals. Those crystals are solubilized and based on the
intensity of the absorption it is allowed to assess the viability of the
cells. Briefly, in a 96-well plate cells were seeded and incubated for
24 h. The culture medium was removed and replaced by the
samples in triplicates and different concentrations (50, 25, 15,
10, 5, 1 ug mL™" of iron). After 24 h incubation, the medium
was removed, 100 pL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (1 mg mL ') was added to each
well and left for 3 h for the formation of the formazan crystals.
The formazan crystals were dissolved in DMSO (Dimethyl
sulfoxide), and their absorbance was measured at 540 nm (with
reference filter at 620 nm) using an Eliza plate reader. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorbance values were used for the calculation of the %
Viability according to the equation:
- OD(sample)

%Viability = —————=

0 Y OD(control) ¢
where OD(sample) is the average absorbance of the sample,
OD(control) is the average absorbance of the control samples
containing only cells. From the measurements of the absor-
bance standard deviation is calculated for each concentration
evaluated.

3.11 Internalization studies

3.11.1 Investigation of internalization by Prussian blue
protocol. The visualization of nanoparticle uptake by HaCat
or U87-MG cells was achieved by the Prussian Blue staining
method. Cells were seeded in 12-well plates at a cell density of
1 x 10° cells per well and incubated for 24 h, until confluent.
The culture medium was then removed and replaced by culture
medium containing each sample at a concentration of
15 pg mL ™" and 25 pug mL~'. After 24 h of incubation, the
medium was removed, the cells were washed with PBS and
fixated with 4% formalin in PBS for 20 min at 37 °C. The fixated
cells were washed twice with PBS, incubated with Pearls
solution (1:1 solution of 4% w/v K Fe (CN)s-3H,O in PBS and
4 M HCI in PBS) for 30 min and washed again with PBS.
Neutral red solution (0.02%) was added for 15 min and washed
with PBS. The cells were immediately studied with optical
microscopy.

3.11.2 Investigation of internalization by fluorescence
microscopy. The internalization of the Nfs by HaCat and U87-
MG cells was also monitored by fluorescence microscopy. Each
cell line was seeded in 0.22 cm?® coverslips at 10°-10° cell
density, into six-well plates. The cells were incubated at 37 °C
under CO, (5%) for 24 h, until confluence of the wells was
achieved. The medium was then discarded and replaced by the
tested concentrations of the Nfs (15 pg mL ™" and 25 pg mL ")
following incubation for 24 h. At the end of the treatment cells
were washed three times with PBS, and fixed by using 4%
formalin in PBS for 20 min. The cells were washed again three
times with PBS and the coverslip was placed on the fluores-
cence microscope stage for observation.

3.12 ROS assay

To assess oxidative stress induced by the Nfs, the DCFDA assay
protocol was employed, with fluorescence measurements
obtained using a plate reader. For both cell lines, cells were
seeded in 96-well plates and grown to confluence. The culture
media was then replaced with selected concentrations of coated
and uncoated Nfs and incubated for 24 hours. Following
incubation, the supernatant was discarded, and the cells were
gently washed with PBS. Subsequently, 100 pL of DCFDA
solution was added to each well and incubated in the dark
for 30 minutes. For fluorescence intensity comparisons, PBS
was used as the negative control, while hydrogen peroxide
served as the positive control. Fluorescence intensity was then
measured using a fluorescent plate reader.®®®®
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3.13 Apoptosis-necrosis evaluation (FACS, flow cytometry)

Both U87-MG and HaCat cells were seeded in 6 well plates
or 25 mm? culture flask for 24 h prior to their treatment with
15 pg mL ™" of Nfs 12H 0.2R. After 24 h of treatment, cells were
harvested by trypsin and then centrifuged at 800 rpm for 3 min.
For the Annexin-7AAD protocol, about 1 x 105 cells were well
resuspended in 100 pL of binding buffer, then stained 5 pL of
annexin-V and 5 pL of 7AAD and left to incubate for 20 min in
the dark. After the incubation time was over, 400 pL of binding
buffer was added and the sample was measured with a Becton
Dickinson FACS Calibur flow cytometer (BD Bioscience, New
Jersey, USA).

3.14 Internalization mechanism

For the identification of the endocytosis pathway of Nfs, cells
were seeded into 24-well plates for both cell lines studied until
confluency reached 80-90%. The selected inhibitors were then
added to the cells (a) Cytochalasin A 10 pg mL™", (b) Chlorpro-
mazine 10 pg mL ™" and (c) Genistein 25 pg mL~ ' and were
incubated for 1 h. The cells were subsequently washed with PBS
and the Nfs were added for 24 h incubation at a concentration of
15 ug mL ™", At the end of the incubation time, cells were washed
again with PBS, dettached with 200 pL trypsin and collected.
Finally, 1 mL of HNO; 1 M and 1 mL 30% H,0, were added and
samples were left for 2 h at 95 °C. The results were obtained using
ICP-MS.

3.15 Statistical analysis

Statistical analyses were conducted utilizing GraphPad Prism as
the statistical software. Based on the data input and the null
hypothesis, which determines the parameters considered as well
as the desired correlations and comparisons to be performed, the
appropriate statistical tests were employed. For example, the
statistical analysis of the MTT Assay involved the use of one-
way ANOVA, which examines the variability of results by con-
sidering a single variable and is particularly useful when dealing
with three or more groups of data. Conversely, for results
corresponding to a single concentration tested but involving
different parameters, such as apoptosis-necrosis, the results
are suitable for ¢test statistical analysis. Following this rationale,
the statistical analysis was conducted by selecting the most
appropriate statistical tool for each experiment implemented.

4. Conclusions

Due to the limited literature on silver-iron oxide nanoflowers,
this study provides valuable data supporting their potential use
in glioblastoma treatment. By elucidating their synthesis para-
meters, physicochemical properties, and biological effects, this
research enhances the understanding of these hybrid nanosys-
tems, leading to future applications in theranostics and tar-
geted cancer therapies. Recent investigations into the efficacy
of hybrid nanoparticles for glioblastoma treatment have yielded
promising results, particularly concerning silver-iron hybrid
nanoparticles. The dual functionality of these nanoparticles
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positions them as ideal candidates for a versatile nanosystem with
extensive applications in glioblastoma theranostics. Although
morphologies such as nanoflowers have not been extensively
documented, a limited number of studies have provided insights
into their efficacy as photothermal therapy (PTT) agents. Further-
more, hybrid silver-iron nanoparticles have demonstrated suit-
ability as thermo- and photo-sensitizers in glioblastoma cell
testing,'®%%7

The synthetic procedure of this study exploits the para-
meters affecting the development of hybrid silver - iron oxide
Nfs and further demonstrates their successful coating with
trisodium citrate. Critical parameters of this study including
the reaction time and ratio of Ag/Fe demonstrate the impact on
the size and formed flower shape of the Nfs. Furthermore, Nfs
are characterized as far as their physicochemical properties are
concerned, while also evaluated as potential multi-sensitive
agents for the theranostic of glioblastoma. The in vitro biological
evaluation suggests possible anticancer properties and high hemo-
compatibility, which are essential for the design and synthesis of
an efficient and safe nanosystems. Their dual nature leads to their
easy tracking by using different methods based on either silver or
iron. The results of the CT measurements show that the Nfs are
eligible nanosystems for diagnostic purposes, such CT contrast
agents. Furthermore, the apoptosis-necrosis evaluation confirmed
the hypothesis of the possible anticancer activity of the Nfs in
glioblastoma, since the %apoptosis and %necrosis were signifi-
cantly higher than the respective results of healthy cells. Lastly, the
careful examination of the internalization of the Nfs offered a
foundation for the detailed explanation and verification of their
mechanism of action when interacting with both healthy and
cancerous cells. Due to the limited literature data on the current
Nfs it is notable to contribute to the literature with more data that
support the possible use of these Nfs for biological applications.
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