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Abstract

Surface modification of zinc oxide nanoparticles (ZnO NPs) with organosilane capping
agents represents an effective strategy to control their physicochemical and biological
properties. In this work, we report for the first time the use of halogenosilanes, namely
(3-chloropropyl)trimethoxysilane (CPTMS), (3-bromopropyl)trimethoxysilane (BPTMS)
and (3-iodopropyl)trimethoxysilane (IPTMS), for the surface functionalization of ZnO
NPs obtained by chemical precipitation. Structural and morphological characterization
(PXRD, TEM, SEM-EDX and FTIR) confirmed successful surface modification and revealed
a significant particle size reduction from ~31 nm for unmodified ZnO to ~8 nm for BPTMS-
modified ZnO (ZnO_b). The biological evaluation showed that halogenosilane-modified
ZnO NPs exhibit enhanced cytotoxic activity against prostate cancer cell lines (PC3 and
22Rv1), with ZnO_b displaying the highest activity, likely associated with improved cellular
uptake and increased reactive oxygen species (ROS) generation. In contrast, antimicrobial
assays revealed only moderate bactericidal effects against Escherichia coli and Staphylococcus
aureus at relatively high concentrations (≥1250 µg mL−1), while no significant activity
was observed against Pseudomonas aeruginosa, Burkholderia contaminans or Candida spp.,
within the tested range. These findings suggest that halogenosilane functionalization
modulates the biological profile of ZnO nanoparticles by enhancing anticancer effects
while also influencing microbiocidal activity, highlighting the role of surface chemistry in
tuning biological selectivity. The present study supports the concept that rational surface
engineering of ZnO-based nanoplatforms can be exploited to favor tumor-targeted activity
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over broad-spectrum antimicrobial effects, providing new perspectives for the design of
application-oriented nanomaterials.

Keywords: zinc oxide nanoparticles; surface modification; halogenosilanes; antitumor
activity; antimicrobial response

1. Introduction
The design of new inorganic nanomaterials with improved properties has started to

take into account the surface modification through functionalization with organic capping
agents. Such a strategy has become a central pursuit in nanomedicine, as it allows for
combining therapeutic action with diagnostic or imaging capabilities [1]. Within this
context, zinc oxide nanoparticles (ZnO NPs) represent a remarkable case of a single material
spanning multiple research fields and scientific disciplines. Key features include wide
bandgap, strong exciton binding energy and relatively simple preparation methods. Such
properties render ZnO NPs highly attractive for applications ranging from electronics to
catalysis and also for biomedical uses [2–7].

Pristine ZnO NPs are known for their tendency to agglomerate in aqueous media and
release Zn2+ ions uncontrollably, thus raising concerns over reproducibility and safety [8].
Consequently, surface modification has become a useful strategy to modulate nanoparticle
growth, aggregation behavior, surface reactivity and biological interactions. In suspension,
however, colloidal stability must be evaluated through dedicated measurements such as
zeta potential, hydrodynamic diameter and time-dependent dispersion stability. This is
particularly relevant for ZnO nanoparticles, whose aggregation behavior and apparent
hydrodynamic size are strongly affected by pH, time and medium composition [9]. In the
realm of surface modification, the approach of organosilane functionalization stands out.
In fact, silanes can form robust covalent bonds with hydroxylated ZnO surfaces, imparting
stability and allowing fine-tuning of surface polarity [10,11]. In this context, silanes are
not merely stabilizers but act as chemical tools to reshape ZnO’s physicochemical and
biological behavior.

The biological performance of ZnO is strongly influenced by particle size and morphol-
ogy. Smaller ZnO NPs generally exhibit higher surface reactivity, enhanced cellular uptake
and stronger antimicrobial and anticancer activities. However, these intensified properties
sometimes occur at the cost of elevated cytotoxicity toward healthy cells [12–15]. For in-
stance, hepatocyte and mesenchymal stem cell studies have revealed clear size-dependent
changes in oxidative stress and gene expression of genes related to senescence [16,17].
Morphological variations, such as nanosheets compared with flower-like structures, can
also influence biological activity. For instance, sheet-like ZnO was shown to maintain
dispersibility and superior antibacterial efficacy even under varying conditions [18].

The importance of defects has also been emphasized. Oxygen vacancies are known
to facilitate ROS generation, even in the absence of light [19]. Intentional doping with
gallium [20], magnesium [21] or silver [22] has been exploited to increase defect concen-
trations, thus amplifying cytotoxic and antibacterial effects. The performance of ZnO
nanomaterials highlights the close interplay between size, shape and defect chemistry,
which are intertwined with surface chemistry [23,24].

Organosilanes have become a central subject in tailoring ZnO for biomedical applica-
tions. For example, (3-glycidyloxypropyl)trimethoxysilane (GPTMS) coatings were shown
to enhance colloidal stability while maintaining antibacterial activity against E. coli and
S. aureus [25]. Increasing GPTMS content yielded smaller particle sizes, which promoted
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enhanced anticancer effects against ovarian cancer cells through ROS-mediated apoptosis
and autophagy [24]. The influence of size in GPTMS-modified ZnO NPs has also been
highlighted by increased antibacterial activity [26]. Moreover, GPTMS-modified ZnO re-
tained antibacterial activity against multidrug-resistant Enterobacteriaceae, with improved
stability during storage [27]. ZnO quantum dots capped with aminopropyltriethoxysilane
(APTES) have shown promise in biosensing, bioimaging and antimicrobial activity, owing
to their enhanced fluorescence and stability [28,29]. These examples support the controlled
surface–controlled performance paradigm and show that organosilane functionalization can
be an effective strategy for tuning ZnO NPs [30].

Yet, one avenue has remained largely unexplored, that is, the use of halogenosilanes.
Conventional organosilane modifiers like GPTMS, APTES, or TEOS are typically selected
to provide steric passivation, enhance water dispersibility, or deliver biocompatible organic
groups. However, they generally exert passive roles regarding the intrinsic electronic
properties of the core nanoparticle. In contrast, halogenosilane groups, such as chloro-
propyl, bromopropyl and iodopropyl, incorporate highly polarizable and electronegative
terminal halogen atoms directly into the hybrid shell architecture. This structural variation
offers a dual scientific advancement over traditional silane-functionalized ZnO systems.
First, the distinct electronegativity and steric profiles of the halogens alter the hydrolysis-
condensation kinetics at the ZnO interface during synthesis. This provides exceptionally
tight control over nucleation. Consequently, it restricts secondary particle growth to a
greater extent than standard alkyl- or epoxy-silanes, yielding ultra-small crystallites. Such a
strategy effectively bridges a known synthesis challenge in controlling ZnO agglomeration.
Second, the presence of localized halogen atoms significantly alters the surface energy,
polarity and surface defect states of the nanoplatform. The chemical modification not
only stabilizes the colloid but also actively dictates nanoparticle–cell interactions. This
variation drives vastly superior cellular uptake and accelerates intracellular ROS generation
in specific cancer cell lines. Such a particular pathway is well known to enhance preferential
toxicity in malignant cells. Therefore, the presence of halogen atoms may influence the
polarity, hydrophobicity and defect states, which could alter colloidal stability, ROS gen-
eration and interactions with cancer or microbial cell membranes. However, these effects
remain hypothetical at the present stage and require dedicated mechanistic investigations
for direct validation.

Halogenated silanes have already been employed in other material systems, often
conferring higher reactivity or antimicrobial potential [31,32]. In biomedical surfaces, silane
chemistry has also been extended to implantable biomaterials. Somasundaram reviewed
how silanes, often in combination with metallic biomaterials, can improve bioactivity
and antimicrobial resistance in implant coatings [33]. More recently, Morselli and co-
workers demonstrated that sprayable PEG-silane/ZnO nanocomposite coatings can help
prevent microbial colonization of titanium implants [34]. Complementary strategies further
illustrate the breadth of ZnO nanomaterials. Halogenosilane green synthesis approaches
have produced ZnO NPs with antibacterial activity and acceptable cytocompatibility [35].
In vitro studies have also highlighted the biomedical relevance of ZnO NPs by showing
both antibacterial and cytotoxic effects. These findings emphasize the need for precise
surface engineering to maximize biological benefit while minimizing risk [36].

However, to the best of our knowledge, no systematic comparative study has ad-
dressed surface modification of ZnO NPs with halogenosilanes containing chloropropyl-,
bromopropyl- and iodopropyl-moieties, and evaluated how these halogenated surface
groups affect both physicochemical features and biological responses. This knowledge gap
motivated the present study. Herein, we report the functionalization of ZnO NPs utilizing
chloropropyl-, bromopropyl- and iodopropyl-trimethoxysilane derivatives to evaluate how
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these specific surface groups modulate nanoparticle size, morphology, elemental compo-
sition, cytotoxicity, cellular Zn accumulation, ROS generation and microbiocidal activity.
The ability of these ZnOs NPS to act as anticancer agents was evaluated in human prostate
cancer (PC) cells, as PC remains one of the leading causes of death in men globally and
the 5th leading cause of death worldwide [37]. Because PC3 cells are highly aggressive,
androgen-independent human prostate cancer cells served as a primary model for test-
ing [38,39]. The antimicrobial activity of ZnO NPs was also assessed towards the bacterial
species Staphylocccus aureus, Pseudomonas aeruginosa, Escherichia coli and Burkholderia contam-
inans, and the fungal species Candida albicans and Candida glabrata. These microbial species
were selected due to their ability to cause severe infections among human populations and
their emergence as multidrug-resistant pathogens.

2. Results and Discussion
2.1. Synthesis and Morpho-Structural Characterization

The choice of chloro-, bromo- and iodopropyltrimethoxysilane was motivated by the
progressive variation in physicochemical properties across the halogen series. Parameters
such as atomic size, polarizability, electronegativity, steric hindrance and hydrophobicity
may influence the organization and surface coverage of the silane layer, as well as nanopar-
ticle growth and aggregation behavior during synthesis. Across the halogen series, changes
in size and polarizability can alter the electrostatic and dispersion components of interfacial
interactions [40], while halogen substituents may also participate in specific non-covalent
interactions with electron-rich sites in biomolecules [41]. Therefore, after surface function-
alization, these differences could affect nanoparticle–cell interactions, membrane affinity,
surface polarity and oxidative stress-related processes.

The preparation of the new series of ZnO NPs modified with the halogenosilane species
(3-chloropropyl)trimethoxysilane (CPTMS), (3-bromopropyl)trimethoxysilane (BPTMS) or
(3-iodopropyl)trimethoxysilane (IPTMS) was performed by the in situ chemical precip-
itation method. The synthesis started from zinc(II) acetate dihydrate, fixed amounts of
halogenosilanes corresponding to a 10% Si/Zn molar ratio, and potassium hydroxide, in
ethanol under reflux for 3 h. The choice of using the 10% Si/Zn molar ratio was dictated
by our previous observation that this was the maximum limit for reaching the highest
surface coverage. Hence, the smallest ZnO NPs were formed upon surface modification
with other organosilanes, such as (3-glycidyloxypropyl)trimethoxysilane (GPTMS) [24],
(3-trimethoxysilyl)propylmethacrylate (MPS) [42], or vinyltrimethoxysilane (VTMS) [43,44].
Regarding biomedical applications, both the anticancer and antimicrobial properties of
these nanoplatforms exhibit a clear size-dependency. For instance, our previous work
showed that the smallest ZnO NPs, obtained via GPTMS-modification at the 10% Si/Zn
ratio, displayed the optimal antibacterial performance against E. coli and S. aureus [24].

According to the proposed mechanism (Scheme 1), the formation of halogenosilane-
modified ZnO NPs proceeds through three key steps: (1) zinc(II) acetate undergoes hydrol-
ysis in the basic environment provided by potassium hydroxide to form zinc(II) hydroxide;
(2) concomitantly, the halogenosilane molecules hydrolyze to generate the corresponding
halogenosilanol species; (3) a self-condensation reaction occurs between the halogenosi-
lanol species and zinc(II) hydroxide, driving the formation of ZnO particles coated with a
silica network bearing the pendant halogenopropyl groups.
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Scheme 1. Possible mechanism for the formation of halogenosilane-modified ZnO NPs.

X-ray diffraction (XRD) analysis allowed the confirmation of the presence of the zincite
phase of ZnO in both unmodified and halogenosilane-modified samples, crystallizing in
the hexagonal P63mc space group. The XRD patterns of all synthesized ZnO samples
reveal the presence of the characteristic crystallographic planes (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and (202) in the 30–80◦ 2θ range (Figure 1). In the
case of unmodified ZnO NPs, the XRD pattern shows well-resolved and more intense
diffraction peaks. Upon ZnO surface coating with halogenosilanes, the diffraction peaks
undergo a significant intensity decrease and broadening, as a consequence of crystallinity
reduction, along with particle downsizing. As detailed in Table 1, surface functionalization
leads to a noticeable reduction in crystallinity, dropping from 59.16% in unmodified ZnO
NPs to 49.75% in the iodosilane-modified sample. Concomitantly, the average crystallite
size decreases from ca. 21 nm in unmodified ZnO NPs to approximately 7 nm across all
halogenosilane-modified samples. These trends highlight the highly efficient size reduction
effect driven by these specific organosilane surfactants during the modification process.
It is also worth mentioning that the observed differences in the crystallite size could also
be due to eventual crystal microstructure changes induced by several factors, such as
inhomogeneous strain, point defect, bending, dislocation generation and diffusion [45,46].

Table 1. Lattice parameters obtained from XRD analyses of the unmodified and halogenosilane-
modified ZnO NPs.

Crystallographic Data ZnO ZnO_c ZnO_b ZnO_i

Crystallinity Degree (%) 59.16 53.10 52.86 49.75
ICDD PDF4+ 04-007-1614 04-006-9717 04-007-1614 04-006-9717

Phase Zincite Zincite Zincite Zincite
Crystallization group P63mc P63mc P63mc P63mc

Compositional percentage (%) 100 100 100 100
a [Å] 3.25244 3.25418 3.254538 3.253683
b [Å] 3.25244 3.25418 3.254538 3.253683
c [Å] 5.21007 5.21225 5.212538 5.211145

alpha [◦] 90 90 90 90
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Table 1. Cont.

Crystallographic Data ZnO ZnO_c ZnO_b ZnO_i

beta [◦] 90 90 90 90
gamma [◦] 120 120 120 120

Volume [Å3] 47.73029 47.80137 47.81439 47.77649
Crystallite size (A) 20.970 7.388 6.919 6.998

Crystal System Hexagonal Hexagonal Hexagonal Hexagonal
R expected 6.3157 6.14177 6.11882 6.26389

R profile 4.75272 5.06297 5.21976 5.10729
Weighted R profile 6.30025 6.40155 6.64908 6.660314

Goodness of fit 0.99511 1.08638 1.18083 1.13154
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Figure 1. XRD patterns of unmodified ZnO NPs (black), chloropropylsilane-modified ZnO NPs
(green), bromopropylsilane-modified ZnO NPs (blue) and iodopropylsilane-modified ZnO NPs (red).

Transmission electron microscopy (TEM) allowed the clear influence of halogenosi-
lane surface modification on the morphology and size of the synthesized ZnO NPs to be
revealed. The unmodified ZnO NPs consisted of irregularly faceted and nearly spherical
particles with a shape factor close to 1. These particles form dense agglomerates, with
an average particle size of 30.77 ± 7.41 nm (Figure 2, sample ZnO). The corresponding
size distribution was moderately broad, as indicated by a coefficient of variation (CV) of
24.07%, indicating extensive coalescence driven by high surface energy in the absence of
stabilizing agents [47,48]. After modification with chloropropylsilane, the mean particle
size decreased markedly to 14.63 ± 6.25 nm, and the particles appeared more discrete and
uniformly dispersed. Their shape undergoes a slight distortion from the spherical one
with a shape factor close to 0.9 (Figure 2, sample ZnO_c). However, the size distribution
became more heterogeneous, as evidenced by a higher CV value (42.75%) and pronounced
positive skewness (1.80), indicating the presence of a significant fraction of larger particles.
This suggests that although nucleation is enhanced and growth is partially suppressed,
the capping effect is not sufficiently uniform to fully control particle size dispersion. The
interaction between chloropropyl groups and ZnO surface hydroxyls likely limits crystal
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growth, but does not completely prevent secondary aggregation processes [49,50]. The
bromopropylsilane-modified ZnO NPs exhibited the smallest average size (8.31 ± 2.08 nm),
along with a relatively low CV (24.97%) and near-symmetric distribution (skewness 0.25), in-
dicating a more uniform and controlled nanoparticle population (Figure 2, sample ZnO_b).
This indicates that bromopropysilane provided the most efficient capping among the three
halogenosilane derivatives, combining adequate surface reactivity with enhanced steric
hindrance. In contrast, the iodopropylsilane-modified ZnO NPs displayed a slightly larger
mean diameter (11.60 ± 4.45 nm), with a relatively high CV (38.39%) and positive skewness
(1.22), suggesting a broader and less uniform size distribution compared to ZnO_b (Figure 2,
sample ZnO_i). This implies that the bulky iodine substituent reduced surface-binding
strength and capping efficiency.

 

Figure 2. TEM micrographs (left), histograms (middle) and shape factors (right) for unmodified
ZnO NPs, chloropropylsilane-modified ZnO NPs (ZnO_c), bromopropylsilane-modified ZnO NPs
(ZnO_b) and iodopropylsilane-modified ZnO NPs (ZnO_i).

One-way ANOVA analysis revealed statistically significant differences in particle
size among all samples (F = 336.47, p < 0.001). Tukey’s post hoc test confirmed that all
pairwise comparisons were statistically significant (p < 0.05), demonstrating that the type of
halogenosilane modifier exerts a strong and systematic influence on ZnO nanoparticle size
and dispersion. Overall, the statistical analysis indicates that halogenosilane functionaliza-
tion significantly reduces particle size, while its effect on size uniformity strongly depends
on the nature of the halogen substituent. Among the investigated systems, bromopropylsi-
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lane yields the most controlled nanoparticle population, combining the smallest size with a
relatively narrow and symmetric distribution. The descriptive statistics of the TEM-derived
particle size distributions are summarized in Table 2.

Table 2. Descriptive statistics of TEM-derived particle size distributions for unmodified and
halogenosilane-modified ZnO nanoparticles.

Sample N Mean ± SD (nm) CV (%) Min–Max (nm) Skewness PDI

ZnO 100 30.77 ± 7.41 24.07 19.35–51.87 0.88 0.058

ZnO_c 100 14.63 ± 6.25 42.75 6.38–39.13 1.80 0.183

ZnO_b 100 8.31 ± 2.08 24.97 4.48–12.97 0.25 0.062

ZnO_i 100 11.60 ± 4.45 38.39 4.82–27.88 1.22 0.147

Overall, halogenosilane modification significantly improved nanoparticle dispersion
and reduced agglomeration, with the effectiveness of these modifiers following the trend
ZnO_b > ZnO_c > ZnO_i > ZnO. The observed reduction in particle size and enhancement
in morphological uniformity are consistent with earlier studies, which demonstrate that
silane coupling agents can effectively passivate ZnO surfaces, disrupt agglomeration and
limit the particle growth during chemical precipitation synthesis [51–53]. This finding
supports the interpretation that the interplay between surface-bonding strength (Si–O–Zn
formation) and steric effects of the halogen substituent governs growth inhibition efficiency.
The smaller and more reactive halogens (Cl and Br) favor stronger surface anchoring, while
bulkier iodine reduces capping uniformity, leading to partial coalescence. The observed
differences among the three modified systems may reflect the combined influence of
halogen size, polarizability, steric effects and silane-surface interactions on nanoparticle
growth and surface organization. It should be noted that the improved dispersion observed
by TEM reflects the morphological state of the dried nanoparticles under the preparation
conditions used for microscopy. It should not be interpreted as direct evidence of colloidal
stability in suspension. Dedicated measurements of zeta potential, hydrodynamic diameter
and time-dependent dispersion stability would be required to assess the colloidal behavior
of these samples in aqueous or biologically relevant media. Standardized approaches,
such as OECD Test Guideline 318, further emphasize the importance of dispersion stability
testing for evaluating nanomaterial behavior in test media [54].

It should also be noted that the XRD-derived crystallite size and the TEM-derived
particle size describe different structural features. The crystallite size estimated from XRD
peak broadening reflects the average dimension of coherently diffracting crystalline do-
mains, whereas TEM provides a direct morphological estimate of the visible nanoparticles.
Therefore, the two values are not expected to coincide in all cases. A larger TEM parti-
cle size compared with the XRD crystallite size may indicate that the observed particles
contain several coherent crystalline domains or that small crystallites are assembled into
larger particles or aggregates. In addition, lattice strain, point defects and surface disorder
may contribute to diffraction peak broadening and lead to smaller apparent crystallite
sizes. Thus, the differences observed between XRD and TEM, particularly for ZnO_c and
ZnO_i, may arise from the combined effects of aggregation, partial polycrystallinity and
strain/defect-related broadening. A more detailed separation of size and strain contribu-
tions would require dedicated analyses, such as Williamson–Hall or related line-broadening
methods [55,56].

Quantitative EDX compositional analysis was conducted to further support successful
halogenosilane modification of ZnO NPs (Figure 3). While the unmodified ZnO sample
exhibits only Zn and O signals, upon modification, all functionalized samples show ad-
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ditional peaks corresponding to Si and the respective halogen (Cl, Br, I). The detection of
Si in all modified samples verifies the presence of silane coupling on ZnO surfaces, while
the simultaneous detection of halogens supports retention of the Si–propyl–X function-
ality post-modification. The decreasing Zn atomic fraction relative to the control reflects
surface coverage by lighter elements (Si, C, halogen) and corroborates the formation of an
organic–inorganic hybrid shell. Moreover, the relative atomic percentages suggest variable
grafting efficiencies, governed by both the reactivity of the Si–O bond and the steric size of
the halogen substituent.

 

Figure 3. SEM-EDX analyses of unmodified and halogenosilane-modified ZnO NPs.

Fourier transform infrared spectroscopy (FTIR) was employed to verify the success
of halogenosilanes surface coating of ZnO NPs. The FTIR spectra of free halogenosi-
lanes, as well as those of unmodified and halogenosilane-modified ZnO NPs, are given in
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Figure 4. In the FTIR spectra of free halogenosilanes, the strong absorption bands located at
1074–1076 cm−1 and 800–804 cm−1 were assigned to the stretching vibration of C–O bonds
from methoxy groups and the symmetric stretching of Si–O–C bonds, respectively. In all
halogenosilane-modified ZnO NPs, these bands completely disappear, as a consequence
of the hydrolysis of methoxy groups bound to silicon. The new strong band observed at
880–881 cm−1 in all halogenosilane-modified ZnO NPs supports the formation of Zn–O–Si
bonds and Si–O–Si bridges resulting from condensation processes involving hydrolyzed
halogenosilane species and ZnO surface hydroxyl groups [29]. Together with the disap-
pearance of the methoxy-related bands of the free silanes and the SEM-EDX detection of
Si and the corresponding halogen atoms, these FTIR data are consistent with successful
surface modification of ZnO NPs. However, FTIR alone cannot conclusively establish the
detailed surface bonding environment or fully validate a core–shell structure. Therefore,
the modified nanoparticles are more cautiously described here as surface-modified or core–
shell-like ZnO systems. Additional surface-sensitive techniques, such as XPS or solid-state
NMR, would be required to directly confirm the chemical environment of silicon and zinc
at the interface and to validate the proposed surface architecture. Similar surface-coated or
core–shell-like models have been proposed for silane- or silica-modified ZnO nanoparticles
based on combined FTIR, XRD, TEM/SEM and EDX evidence [29,30,39,40]. However, in
the absence of XPS or solid-state NMR, the present data should be regarded as support-
ing a surface-modified/core–shell-like model rather than conclusively proving a defined
shell architecture.

Figure 4. (Left): FTIR spectra of free halogenosilanes; (right): FTIR spectra of unmodified and
halogenosilane-modified ZnO NPs.

The strong bands clearly observed at 756–769 cm−1 for the C–halogen bonds in the
free halogenosilanes are no longer evident in the halogenosilane-coated ZnO NPs. They
are likely to overlap with the strong bands already detected for the formation of Zn–O–Si
bonds and Si–O–Si bridges. In the FTIR spectra of both unmodified and halogenosilane-
modified ZnO NPs, the broad bands located in the range 3376–3384 cm−1 were assigned to
the stretching vibration of hydroxyl groups of physisorbed water molecules. In the case
of unmodified ZnO NPs, the weak broad band found at 892 cm−1 was assigned to the
bending mode of carbon dioxide molecules, possibly physisorbed from air on the zinc (II)
ions from the ZnO surface [57,58]. Also, in all ZnO samples, two strong bands observed
at 1569 and 1416 cm−1 in unmodified ZnO NPs, 1559 and 1418 cm−1 in CPTMS-modified
ZnO NPs, 1570 and 1418 cm−1 in BPTMS-modified ZnO NPs, and 1559 and 1418 cm−1 in
IPTMS-modified ZnO NPs, were assigned to the asymmetric and symmetric stretching of
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remaining acetate groups from the initial zinc(II) precursor. After repeated washings, these
groups could not be removed, thus giving rise to the consideration that the carboxylate
groups were covalently attached to the zinc(II) ions [59].

The overall characterization supports the formation of smaller and less aggregated
halogenosilane-modified ZnO nanoparticles in the solid state. However, their colloidal
stability in suspension remains to be investigated in future studies using DLS, zeta potential
and sedimentation or time-dependent dispersion assays.

2.2. Biological Properties
2.2.1. Cytotoxic Activity

ZnO NPs have received much attention for their applications in cancer therapy. How-
ever, the underlying molecular mechanisms behind their anticancer activity remain unclear.
It has been reported that ZnO NPs induce apoptosis mediated by reactive oxygen species
generation [60]. The cytotoxicity of the halogenosilane derivatives has been reported to
depend mostly on their physicochemical properties such as shape, size, and surface modifi-
cations. Size is, in fact, a very important factor, influencing the uptake and cytotoxicity [61].
Results of the cytotoxic effect of the unmodified and halogenosilane-modified ZnO NPs
on prostate cancer cells PC3 (AR−, PSA−) and 22Rv1 (AR+, PSA+), normal prostate cells
RWPE and fibroblasts HDF using the MTT colorimetric assay are presented in Table 3.
After 24 h incubation with the cells, the halogenosilane-modified ZnO NPs showed a
strong cytotoxic effect on both cancer cell types, and the unmodified ZnO showed lower
cytotoxicity. In the normal prostate cells and fibroblasts, the ZnO NPs samples, in particular
for the unmodified ZnO and ZnO_b, were slightly less active.

Table 3. The cytotoxic activity of unmodified ZnO, ZnO_c, ZnO_b, and ZnO_i against the human
cancer cells PC3 and 22Rv1, the normal prostate cells RWPE and the human dermal fibroblasts (HDF).
Results (mean ± SD) were expressed as the IC50 values found upon 24 h incubation.

Sample
IC50 (µg/mL)

PC3 22Rv1 RWPE HDF

ZnO 66.0 ± 22 >100 88.7 ± 29 >100
ZnO_c 33.9 ± 17 32.1 ± 5.3 39.9 ± 12 37.1 ± 15
ZnO_b 19.8 ± 6.7 22.3 ± 4.4 27.9 ± 12 25.3 ± 5.0
ZnO_i 35.5 ± 14 35.3 ± 7.3 41.3 ± 14 38.8 ± 14

The higher cytotoxicity observed for the halogenosilane-modified ZnO NPs, partic-
ularly ZnO_b, should be interpreted with caution, as the present data do not allow the
individual contribution of surface chemistry, particle size, aggregation state and intra-
cellular zinc accumulation to be fully separated. The enhanced biological response may
result from the combined influence of reduced particle size, improved dispersion, modified
surface properties and increased interaction with cells.

Although the halogenosilane-modified ZnO NPs showed increased cytotoxicity to-
ward both prostate cancer cell lines, the IC50 values obtained for RWPE normal prostate cells
and HDFs were relatively close to those measured for cancer cells. This indicates that the
therapeutic selectivity of the investigated nanoparticles remains limited under the present
in vitro conditions. Therefore, the enhanced cytotoxicity observed for ZnO_b should be
interpreted primarily as increased anticancer potency in prostate cancer models, rather
than as evidence of strong cancer-cell selectivity. From a biosafety perspective, these results
indicate that further surface optimization is required to widen the therapeutic window
and reduce potential off-target toxicity toward non-malignant cells. Additional studies,
including broader panels of normal cells, longer exposure times, hemocompatibility assays,
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3D tumor models and in vivo evaluation, would be necessary to assess the translational
potential of these nanomaterials.

2.2.2. Cell-Associated Zn Accumulation Assessed by ICP-MS

The cellular journey of NPs into the cells begins by reaching the plasma membrane
and entering the cell mainly through endocytosis [62]. ICP-MS was used to quantify total
Zn associated with PC3 cells after 24 h exposure to ZnO and halogenosilane-modified ZnO
NPs, followed by washing and acid digestion. The cellular uptake can be influenced by
the size and the surface modification of the ZnO NPs. As can be observed in Figure 5,
the cellular uptake in the PC3 cells (in terms of Zn levels) of unmodified ZnO was low
compared to the halogenosilane-modified ZnO NPs, in particular ZnO_b and ZnO_c. These
results are consistent with a stronger interaction and/or accumulation of the modified
nanoparticles in PC3 cells.

Figure 5. The uptake by PC3 cells, after exposure to unmodified ZnO, ZnO_c, ZnO_b and ZnO_i for
24 h at their IC50 values. The Zn levels were assessed by ICP-MS and expressed in µg Zn/106 cells.
The levels of Zn are indicated as mean ± SD.

However, these data should not be interpreted as direct evidence of a specific up-
take mechanism. ICP-MS quantifies total Zn after digestion and does not distinguish
between intact internalized nanoparticles, intracellular Zn2+ released from nanoparticle
dissolution and strongly membrane-associated Zn-containing material. Although washing
steps were used to reduce extracellular and loosely adsorbed particles, residual membrane-
bound material cannot be completely excluded. Therefore, the ICP-MS results are more
cautiously interpreted here as cell-associated Zn accumulation. Dedicated dissolution
studies in the exposure medium, surface-stripping protocols, uptake inhibition assays or
imaging-based localization studies would be required to distinguish among these possible
contributions [63].

2.2.3. Oxidative Stress by ROS

ZnO NPs have the unique ability to induce oxidative stress in cancer cells, which has
been found to be one of the mechanisms of cytotoxicity [64]. Reactive oxygen species (ROS)
generation and membrane lipid peroxidation were identified as a likely mechanism of ZnO
NPs toxicity [24]. ROS generation was evaluated as a mechanistic indicator potentially
associated with ZnO NP-induced cytotoxicity. The production of ROS (mainly peroxides)
was measured using the cell-permeant indicator H2DCF-DA. The fluorescence signal of
DCF was measured after 3 and 24 h. As can be observed from Figure 6, the production
of ROS is time and concentration-dependent. After 24 h, an important increase in DCF
fluorescence was observed in particular for ZnO_b. This trend is consistent with the higher
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cytotoxicity of ZnO_b in PC3 cells, suggesting that oxidative stress may contribute to
cell damage.

However, the present data do not demonstrate a causal ROS-mediated cell death
pathway. Confirmation of such a mechanism would require additional experiments using
ROS scavengers or inhibitors, such as N-acetylcysteine, together with complementary
analyses of downstream cell-death pathways. Therefore, ROS generation is interpreted
here as an associated response rather than definitive proof of the primary mechanism
of cytotoxicity.

Figure 6. The ROS levels of PC3 cells after exposure for 24 h to different concentrations (5, 10, 20, 50
and 100 µg/mL) of the ZnO-NPs. The fluorescence signal of DCF was measured at 3 (A) and 24 h (B).
Controls (CTR) represent untreated cells. Results (arbitrary units) are the mean ± SD from three
independent experiments.

It should be noted that the present cytotoxicity evaluation was restricted to prostate
cancer cell models. PC3 and 22Rv1 cells were selected because they represent biologi-
cally distinct prostate cancer phenotypes, including androgen-independent and androgen
receptor-positive/castration-resistant models, respectively. Therefore, the present data
support the activity of halogenosilane-modified ZnO NPs in prostate cancer models, but
they should not be generalized to other tumor types without further validation. Future
studies including cancer cell lines from different tissue origins will be required to determine
whether the observed cytotoxic behavior reflects a broader anticancer profile.

2.2.4. Mechanisms of Cell Death
Apoptosis (Caspase 9 Activity)

The oxidative stress could lead to cell membrane damage and, depending on that,
apoptosis may be triggered, which leads to cell death. Apoptosis is believed to be, for some
nanoplatforms, the major mechanism of cell death in the cytotoxic response of ZnO NPs
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by the activation of caspases [65]. In this work, apoptosis was identified by measuring the
level of caspase 9, the central initiator caspase.

Results in Figure 7 show that all the ZnO NPs induce caspase-9 activation to some
extent, indicating that apoptosis-related processes may contribute to the cellular response.
However, the caspase-9 profile did not directly parallel the cytotoxicity data. In particular,
unmodified ZnO induced higher caspase-9 activation despite showing lower cytotoxicity
than ZnO_b. This indicates that caspase-9-dependent apoptosis is not the only mecha-
nism involved in the cytotoxic response. Also, the apoptosis levels of ZnO NPs do not
correlate with the cellular uptake, as can be observed from Figure 5, which shows higher
uptake for ZnO_b and ZnO_c. In the case of ZnO_b, the higher cytotoxicity together with
comparatively lower caspase-9 activation and stronger ROS production suggests that addi-
tional caspase-independent or non-apoptotic mechanisms may contribute to cell damage.
These may include necrosis-like processes, autophagy-related responses, ferroptosis or
other oxidative stress-associated pathways. However, these mechanisms were not directly
investigated in the present study and therefore remain to be clarified in future work us-
ing pathway-specific markers and inhibitors. Moreover, in the absence of ROS inhibition
experiments, a causal role of ROS cannot be conclusively established.

The lower luminescence observed for ZnO_c, ZnO_b and ZnO_i could be attributed
to the decreased number of cells, since the IC50 of these NPs is below 50 µg/mL.

Figure 7. Apoptosis (caspase-9 activity) in PC3 cells. Results are the mean ± SD from three indepen-
dent experiments.

These observations suggest that different mechanisms may contribute to cell death
depending on nanoparticle surface properties, with unmodified ZnO favoring apoptosis-
related pathways, while halogenosilane-modified systems, particularly ZnO_b, may in-
volve additional ROS-driven or non-apoptotic mechanisms.

Morphological Features by SEM

The morphological features of cells upon exposure to ZnO NPs were examined through
the analysis of scanning electron microscopy (SEM). Cell-surface changes, including mem-
brane blebbing and loss of cellular features, were observed (Figure 8). Figure 8 shows
untreated cells (control (CTR), Figure 8a) presenting normal cellular morphology, including
migrating cells (m) and dividing cells (d). In Figure 8b (ZnO), cells appear rounded (r) and
are surrounded by membrane blebs (b), features compatible with apoptotic phenomena. In
Figure 8c (ZnO_b), cells extend membrane projections (p), although often without the clear
polarity observed in migrating control cells. Figure 8d (ZnO_c) shows membrane activity
similar to that observed in Figure 8c. These observations suggest a marked contribution of
apoptosis in ZnO-treated cells. In contrast, ZnO_b- and ZnO_c-treated cells still show signs
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of cellular activity, but these appear substantially altered and are probably dysfunctional
when compared with CTR cells. Results are in agreement with those of caspase 9 activity
assays (Figure 7) that show the ability of ZnO to activate caspase.

Figure 8. Scanning electron microscopy (SEM) of PC3 cells: non-treated cells (control) (a) and treated
cells with ZnO (b), ZnO_b (c) and ZnO_c (d) at their IC50 values upon 24 h of treatment. Cell
features: b = membrane blebs; d = dividing cells; m = migrating cells and p = membrane projections;
bars: = 40 µm.

These morphological alterations are consistent with the biochemical assays and further
support the involvement of oxidative stress and apoptosis-related processes. Moreover, the
differences observed between ZnO and halogenosilane-modified samples reinforce the role
of surface functionalization in modulating nanoparticle–cell interactions. However, SEM
analysis alone cannot discriminate between apoptosis, necrosis, autophagy, ferroptosis
or mixed cell-death mechanisms. Therefore, the SEM observations should be considered
complementary evidence of altered cell morphology rather than definitive proof of a specific
cell-death pathway.

2.2.5. Antimicrobial Activity of ZnO and Halogenosilane-Modified ZnO Nanoparticles

The antimicrobial activities of ZnO and halogenosilane-modified ZnO NPs were as-
sessed towards the Gram-negative Pseudomonas aeruginosa, Escherichia coli, and Burkholderia
contaminans, the Gram-positive Staphylococcus aureus, and the fungi Candida albicans and
C. glabrata. It should be emphasized that the values reported here correspond to minimal
bactericidal or fungicidal concentrations (MBC/MFC), not minimal inhibitory concentra-
tions (MIC). This distinction is important when comparing the present results with literature
data, since MBC/MFC values reflect microbial killing, whereas MIC values reflect growth
inhibition [66]. Therefore, MBC/MFC values are generally expected to be equal to or higher
than MIC values, and direct comparison with MIC-based studies should be made with
caution. Attempts to determine the MIC values based on the measurement of absorbance
of microbial suspensions were hindered by the insoluble nature of the ZnO NPs. Therefore,
we opted to incubate the microbial cultures in the presence of the ZnO and halogenosilane-
modified ZnO NPs at final concentrations of 1000, 1250 and 1500 µg/mL for 24 h and
enumerate the CFUs formed after 24 h of spreading 100 µL cultures on the surface of LB
(bacteria) or PDA (fungi). The minimal concentrations of ZnO and halogenosilane-modified
ZnO NPs, for which no microbial growth was registered, are shown in Table 4.
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Table 4. Minimal bactericidal or fungicidal concentration (MBC/MFC) of the ZnO and halogenosilane-
modified ZnO NPs. The maximal concentration tested was 1500 µg/mL. Results are the means of
duplicate experiments performed in triplicate.

NPs P. aeruginosa E. coli B. contaminans S. aureus C. albicans C. glabrata

ZnO >1500 1500 >1500 1500 >1500 >1500
ZnO_c >1500 1250 >1500 1250 >1500 >1500
ZnO_b >1500 1250 >1500 1500 >1500 >1500
ZnO_i >1500 1250 >1500 1250 >1500 >1500

Concentrations up to 1500 µg/mL of the ZnO and halogenosilane-modified ZnO NPs
were not bactericidal for P. aeruginosa and B. contaminans, and were also not fungicidal to
C. albicans and C. glabrata (Table 3). Nevertheless, although the highest concentrations tested
were not bactericidal against P. aeruginosa or B. contaminans, a concentration-dependent
reduction in CFU counts was observed for these two bacterial species. For E. coli, the
halogenosilane-modified ZnO NPs were more effective than the ZnO NPs. This was also
the case for S. aureus, with the exception of ZnO-b, which presented a minimal bactericidal
concentration identical to that of ZnO NPs.

ZnO nanoparticles’ antimicrobial activities have been tested by several authors. For
instance, ZnO NPs MIC values of 62.5 µg/mL towards the Gram-negative E. coli and
Salmonella typimurium were reported by Zhong et al. [67]. These authors reported MIC
values of 31.25 µg/mL for the Gram-positive B. subtilis and E. faecalis. Interestingly, these
authors also determined the percentage of viability of the same cultures and values of
5–10% viability were reported for ZnO NPs concentrations of 500 µg/mL. In our work, bac-
tericidal activity (0% viability) was only achieved for concentrations of at least 1250 µg/mL
(Table 3). Zhong et al. have not reported minimal bactericidal concentrations for the
bacterial species tested.

Several mechanisms underlying the antimicrobial activity of ZnO nanoparticles have
been described, including the generation of reactive oxygen species (ROS) in the presence
of light. Additionally, nanoparticles can be adsorbed by the bacterial membrane, compro-
mising its integrity and permeability, facilitating the internalization of nanoparticles that
can lead to elevated and toxic Zn2+ concentrations within the bacterial cytoplasm [68]. In
the present work, the mechanisms underlying the microbiocidal activity of the ZnO and
halogenosilane-modified ZnO NPs were not addressed.

These results suggest that halogenosilane surface functionalization may influence
the antimicrobial behavior of ZnO nanoparticles, particularly against E. coli and S. au-
reus, possibly through combined effects of particle size reduction and surface chemistry
modification. This behavior, together with the enhanced anticancer activity, supports the
idea that biological responses to ZnO nanomaterials can be modulated through rational
surface engineering.

The relatively high bactericidal concentrations observed in this study may be related to
several factors. First, the endpoint used here was complete killing, which is more stringent
than growth inhibition. Second, nanoparticle aggregation in the microbial medium may
have reduced the effective surface area and limited direct contact with microbial cells.
Third, the halogenosilane surface layer, while beneficial for controlling particle growth and
enhancing the anticancer response, may have partially modified the surface reactivity or
Zn2+ release behavior of ZnO NPs, thereby reducing antimicrobial potency under the tested
conditions. Finally, microbial susceptibility to ZnO-based nanomaterials is highly strain-
dependent. Gram-negative bacteria such as P. aeruginosa and Burkholderia spp. possess
complex cell-envelope structures and adaptive stress-response mechanisms that may reduce
nanoparticle interaction, oxidative damage or metal-ion susceptibility. Since no dedicated
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antimicrobial mechanism or resistance assays were performed, these factors should be
regarded as plausible explanations rather than experimentally demonstrated mechanisms
in the present study. Future studies aimed at improving the antibacterial performance of
these systems may explore mixed-metal oxide or hybrid nanostructures. For example, Cu-
ZnO embedded in a polydopamine shell was recently reported as an antibacterial coating
strategy, suggesting that combining ZnO with copper-based components may enhance
antimicrobial activity through complementary mechanisms [69].

3. Materials and Methods
3.1. Reagents

Zinc acetate dihydrate (purity > 98%), potassium hydroxide (purity ≥ 85%),
ethanol (purity = 98%), (3-chloropropyl)trimethoxysilane (purity ≥ 97%),
(3-bromopropyl)trimethoxysilane (purity ≥ 97%) and (3-iodopropyl)trimethoxysilane
(purity ≥ 97%) were purchased from Merck (Darmstadt, Germany) and used as received.

3.2. Synthesis of Halogenosilane-Modified ZnO NPs

The synthesis of both unmodified and halogenosilane-modified zinc oxide nanopar-
ticles (ZnO NPs) was conducted via a controlled in situ chemical precipitation method.
To ensure maximum surface coverage and minimize particle agglomeration, a fixed 10%
Si/Zn molar ratio was maintained for all functionalized batches. Here, the Si/Zn ratio
represents the molar proportion between the silicon atoms introduced via the organosilane
capping agent and the zinc ions delivered by the metal precursor.

In a typical procedure, a standard batch was calculated based on 2.45 g of zinc acetate
dihydrate (Zn(CH3COO)2·2H2O, 11.16 mmol) as the ZnO precursor. Based on this fixed
amount of zinc, the corresponding mass of the respective halogenosilane modifier needed
to achieve the 10% Si/Zn molar ratio (1.116 mmol) was calculated as follows: 0.222 g of
(3-chloropropyl)trimethoxysilane (CPTMS), 0.272 g of (3-bromopropyl)trimethoxysilane
(BPTMS), or 0.324 g of (3-iodopropyl)trimethoxysilane (IPTMS). To initiate the reaction,
10 mL of absolute ethanol was first introduced into a 50 mL round-bottom flask and
brought to a stable temperature of 45–50 ◦C under continuous magnetic stirring. The pre-
calculated mass of the specific halogenosilane (CPTMS, BPTMS, or IPTMS) was then added
directly to the warm solvent. The temperature of this mixture was progressively elevated
to 60 ◦C and held constant for exactly 10 min. This separate thermal step is essential to
permit partial hydrolysis and chemical activation of the silane methoxy groups prior to
core growth. After this activation window, 2.45 g of zinc acetate dihydrate was added
directly to the solution under vigorous stirring. Concomitantly, a separate precipitating
solution was prepared by dissolving 1.25 g of potassium hydroxide (KOH) in 5 mL of
absolute ethanol at room temperature. This alkaline solution was then added dropwise
into the main flask containing the zinc acetate and activated silane matrix. The dropwise
addition rate was strictly maintained to ensure uniform nucleation boundaries and suppress
uncontrolled crystal coalescence. Upon complete addition of KOH, the reaction assembly
was brought to reflux and left under constant magnetic stirring for 3 h to facilitate complete
core growth and covalent surface cross-linking. The resulting hybrid nanoparticles were
isolated by centrifugation (9000 rpm for 5 min at 10 ◦C) and washed sequentially with three
independent 5 mL portions of absolute ethanol. The isolated white powders were finally
dried in a conventional oven at 100 ◦C for 2 h. ZnO NPs samples modified with CPTMS,
BPTMS and IPTMS are denoted as ZnO_c, ZnO_b and ZnO_i, respectively.

For the preparation of the bare, unmodified control sample (designated simply as
ZnO), the chemical precipitation was carried out using an identical procedure. Briefly, 2.45 g
(11.16 mmol) of zinc acetate dihydrate was dissolved directly in 10 mL of absolute ethanol
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under constant stirring at 60 ◦C. Concomitantly, the precipitating solution of 1.25 g of KOH
in 5 mL of ethanol was added dropwise to induce nucleation. All subsequent aging, reflux
(3 h), centrifugation (9000 rpm), ethanol washing, and oven-drying (100 ◦C for 2 h) protocols
were strictly maintained identically to those utilized for the halogenosilane-functionalized
series to ensure a reliable baseline for morpho-structural and biological comparisons.

3.3. Nanoparticles Characterization
3.3.1. XRD Analysis

X-ray diffraction (XRD) patterns were recorded on ground powders with an Empyrean
(PANalytical, Almelo, The Netherlands) diffractometer, using Cu Kα1 (λ = 1.540598 Å)
radiation, equipped with a 2xGe (220) hybrid monochromator for Cu and a PIXcel3D
detector. The analyses were performed using Bragg–Brentano geometry (“theta-2theta”)
for angles between 10 and 80◦ 2θ degrees, with a scan step increment of 0.04◦ and an
acquisition time per step size of 3 s. Sample preparation: a small amount of each sample
was mounted on a single crystal silicon holder, which does not give diffraction interferences
in the analysis range for the radiation emitted by a Cu anode. The sample was gently
pressed on the holder so that the analyzed area was flat. For the identification of cell
parameters and mean crystallite size, Rietveld refinement was performed in PANalytical
High Score Plus v3.0e software. The agreement indices considered for the refinement are
Rexpected, Rprofile, Weighted R profile and Goodness of fit.

The average crystallite size (L) of synthesized ZnO NPs was estimated by applying
Scherrer’s Equation (1):

B(2θ) =
K · λ

L · cosθ
(1)

where B is the full width at half maximum intensity (FWHM), λ is the X-ray wavelength, θ is
the diffraction angle, and K is the Scherrer’s constant, whose value for spherical particles is
0.89 [70].

3.3.2. TEM Analysis

Transmission electron microscopy (TEM) was conducted to analyze the morphology
and size distribution of both unmodified and halogenosilane-modified ZnO NPs. The
samples were examined using a JEOL JEM-1400 transmission electron microscope (JEOL,
Toyko, Japan) operated at 80 kV accelerating voltage, equipped with a Quemesa CCD
camera (Olympus Soft Imaging Solutions GmbH, Münster, Germany). For statistical
analysis, at least 100 nanoparticles were measured per sample. Using the ImageJ software
(version 1.54p, National Institutes of Health, Bethesda, MD, USA) (https://imagej.nih.gov/
ij/, accessed on 4 April 2025), the crystal outlines were digitized and their dimensions
measured. The resulting data were afterward used to generate histograms in OriginPro
8.5 software (OriginLab Corporation, Northampton, MA, USA), illustrating the average size
of the nanoparticles. For each sample, a 1 mg/mL dilution in absolute ethanol was prepared
and thoroughly dispersed using a Sonorex Digital 10 P ultrasonic bath (Bandelin electronic,
Heinrichstraße, Berlin, Germany). Subsequently, working in duplicate, a droplet of the
nanoparticle suspension was applied onto 200 mesh formvar-coated grids and allowed
to air-dry.

Statistical differences between the particle size distributions of the investigated sam-
ples were evaluated using one-way analysis of variance (ANOVA) implemented in the
OriginPro 8.5 software (OriginLab Corporation, Northampton, MA, USA). Post hoc mul-
tiple comparisons were performed using Tukey’s test to identify significant differences
between individual sample pairs. The main statistical descriptors, including the mean
particle size (average diameter), standard deviation (SD), minimum and maximum particle
sizes, and mode, were calculated for each sample. The coefficient of variation (CV) was
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determined as the ratio between the standard deviation and the mean particle size, pro-
viding a normalized measure of dispersion. In addition, the polydispersity index (PDI)
was estimated using the relation PDI = (σ/d)2, allowing the evaluation of size uniformity
across the nanoparticle populations. The asymmetry of the particle size distributions was
qualitatively assessed through skewness analysis, based on the shape of the histograms.

3.3.3. SEM-EDX Analysis

The morphology and chemical composition of ZnO samples were analyzed through
scanning electron microscopy (SEM) using the FEI Quanta 200 system (FEI Company, Hills-
boro, OR, USA) operating at 15 kV, coupled with an energy-dispersive X-ray spectroscopy
(EDX) system. Specimens were prepared by dispersing the samples by sonication in ethanol
and by depositing a few drops of the suspensions on carbon-coated grids. To minimize
charging effects during SEM examination, the samples were coated with a thin gold layer
deposited by sputtering using an SPI-Module system (SPI Module™ Supplies, West Chester,
PA, USA).

3.3.4. FTIR Analysis

Fourier transform infrared spectra (FTIR) were collected using a Nicolet iS50 FTIR
spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a built-in ATR acces-
sory, DTGS detector and KBr beam splitter. A total of 32 scans were added in the range
4000–400 cm−1, with a resolution of 4 cm−1.

3.4. Biological Assays
3.4.1. Anticancer Activity

PC3 (PSA−, AR−) (ATCC, CRL-1435) and 22Rv1 (PSA+, AR+) (ATCC, CRL-2505)
human prostate cancer cells were cultured in RPMI medium supplemented with 10%
fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), RWPE-1
normal human prostate cells (ATCC, CRL-3607) were cultured in keratinocyte serum-
free medium (K-SFM) supplemented with bovine pituitary extract (BPE) (0.05 mg/mL),
epidermal growth factor (EGF) (5 ng/mL) and 10% FBS, and the human dermal fibroblasts
(HDF) (Sigma-Aldrich, Merck, Darmstadt, Germany) were cultured in fibroblast growth
medium (Sigma-Aldrich). Cultures were maintained in an incubator (Heraeus, Hanau,
Germany) with a humidified atmosphere at 37 ◦C and 5% CO2. The cytotoxic activity of
the halogenosilanes-modified ZNO NPs was evaluated by the MTT colorimetric assay as
previously described [24]. For the assays, cells (1–2 × 104 cells/200 µL) were suspended in
culture medium, seeded into 96-well plates and incubated for 24 h. A stock suspension of
each nanoplatform was prepared in PBS at a concentration of 1 mg/mL and sonicated for
5 min. Then, working suspensions of 1, 5, 10, 20, 50, 100 and 200 µg/mL were prepared in
complete media and added to the cells. Untreated cells were also included as the negative
controls. After treatment with the NPs, the cell culture medium was replaced with 200 µL
of MTT solution in PBS (0.5 mg/mL), followed by 3 h of incubation at 37 ◦C. The resulting
formazan product was solubilized with 200 µL DMSO, and the absorbance was measured
at 575 nm. Each experiment was repeated at least twice, and each concentration was tested
with at least six replicates. The IC50 values were calculated from dose–response curves
using the GraphPad Prism software (vs. 6.0).

3.4.2. Analysis of Cellular Zinc Content by ICP-MS

PC3 cells (~106 cells) were seeded into T25 cell culture flasks with RPMI medium and
incubated for 24 h. Afterward, the ZnO-NPs were added to the cells at their IC50 (µg/mL)
in medium and incubated for 24 h at 37 ◦C. After treatment, the cell pellets obtained by
centrifugation were washed with PBS and then were digested in 100 µL of HNO3 combining
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ultrasound (60 min at 60 ◦C) and microwave (350 W, 15 s) radiation for Zn quantitation by
a Thermo X-Series Quadrupole ICP-MS Thermo Scientific, Rockford, IL, USA, as previously
described [71].

3.4.3. ROS Production

The production of ROS (mainly peroxides) was measured using the fluorescent
probe H2DCF-DA (2′,7′-dichlorodihydrofluorescein diacetate) as previously described [72].
Briefly, PC3 cells (~2 × 104/200 µL) in RPMI medium with 10% FBS (Gibco) were seeded
in 96-well plates and left to adhere overnight. Then, the medium was replaced with the
ZnO-NPs suspensions in complete RPMI medium at 5, 10, 20, 50 and 100 µg/mL and
left for 24 h incubation. Afterward, the medium was replaced by a solution of 10 µM
H2DCF-DA in colorless FluoroBrite™ DMEM (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA), and cells were incubated for 30 min at 37 ◦C. The probe solution was removed
and substituted with the colorless medium. Dichlorofluorescein (DCF) fluorescence was
measured at 492 nm excitation and 517 nm emission over time up to 24 h using a Varioskan
LUX scanning multimode reader (Thermo Fisher Scientific). Results (mean ± SD) are
expressed as arbitrary fluorescence units. The intensity of the resulting fluorescence is
directly proportional to the amount of ROS present in the cells.

3.4.4. Apoptosis Assay

The mechanism of cell death by apoptosis was evaluated by a Caspase-Glo® 9 lumi-
nescent assay following the protocol of the supplier (Promega, Madison, WI, USA). The
assay provides a luminogenic caspase-9 substrate in a buffer system optimized for caspase
activity, luciferase activity and cell lysis. The assays were carried out in white-walled
96-well plates, with PC3 cells (~2 × 104/200 µL) treated with the ZnO-NPs suspensions in
medium at 5, 10, 20, and 50 µg/mL. After 24 h incubation, 100 µL of medium was removed
from each well. Caspase 9 reagent was added in a 1:1 ratio, and the plate was shaken in
an orbital shaker for 30 s at 300 rpm. The plate was incubated at room temperature for
1.5 h, protected from light. The luminescent signal produced by the luciferase reaction was
measured using a Varioskan LUX scanning multimode reader (Thermo Fisher Scientific).
The signal generated is proportional to the amount of caspase activity present.

3.4.5. SEM Studies with Cells

PC3 cells were seeded over glass lamellae in 6-well plates at a density of 2 × 105 cells
in 2 mL cell medium and allowed to adhere for 24 h. Afterward, the ZnOs were added
to the cells in medium at a concentration corresponding to their IC50 values, 66, 20 and
34 µM, respectively, for ZnO, ZnO_b and ZnO_c. After 24 h incubation, the medium was
discarded, and the cell-covered glass lamellae were treated following a previously described
method [73]. The samples were observed and photographed using a JEOL 5400 scanning
electron microscope.

3.4.6. Antimicrobial Activities of ZnO and Halogenosilane ZnO NPs

The antimicrobial activity of the ZnO, ZnO_c, ZnO_b and ZnO_i nanoparticles was
assessed towards the Gram-negative Pseudomonas aeruginosa, Escherichia coli and Burkholderia
contaminans, the Gram-positive Staphylococcus aureus and the fungi Candida albicans and
Candida glabrata. Due to difficulties in determining MIC values based on spectrophotometric
methods, the antimicrobial activities of the ZnO, ZnO_c, ZnO_b and ZnO_i nanoparticles
were assessed by determining the minimal bactericidal or fungicidal concentrations [74,75].
For this purpose, masses of nanoparticles ranging from 1.506 to 2.250 mg were weighed
and poured into the wells of 6-well polystyrene plates. Overnight liquid cultures of
bacteria and fungi were carried out by loop inoculating 25 mL of Mueller-Hinton broth
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(MHB) and Yeast Potato Dextrose (YPD), followed by incubation at 37 ◦C with orbital
agitation (250 rpm). Overnight grown cultures were diluted 1:100 in MHB (bacteria)
or Roswell Park Memorial Institute (RPMI) (fungi) and grown for an additional 3 h at
37 ◦C with orbital agitation (250 rpm). Cultures were then adequately diluted in fresh
media to obtain 5 × 105 colony-forming units (CFU) per mL. Adequate volumes of freshly
inoculated MHB or RPMI broth were added to the polystyrene plate wells to obtain
nanoparticles final concentrations of 1000, 1250 or 1500 µg/mL. Plates were covered with
aluminum foil to prevent light exposure and incubated for 24 h at 37 ◦C with agitation.
After incubation, aliquots of 100 µL were spread on the surface of Luria Broth (LB, bacteria)
solid media or Potato Dextrose Agar (PDA, fungi) and microbial growth was inspected
after 24 h of plate incubation at 37 ◦C. The lowest nanoparticle concentration for which no
colony-forming units were detected was considered the minimal bactericidal or fungicidal
concentration. Negative controls prepared with sterile culture media and positive controls
without nanoparticles were also carried out. Experiments were performed twice using
triplicates per experiment.

4. Conclusions
In this work, a new class of halogenosilane-functionalized ZnO nanoparticles was suc-

cessfully developed through a controlled chemical precipitation approach, demonstrating
that surface modification represents an efficient strategy to tailor both physicochemical and
biological properties of ZnO-based nanomaterials. Structural and morphological analyses
confirmed that the incorporation of halogenosilanes leads to significant particle size reduction
and improved dispersion, with bromopropylsilane-modified ZnO (ZnO_b) exhibiting the
smallest particle size and most uniform morphology among the investigated nanomaterials.

Biological evaluation revealed a clear enhancement of anticancer activity for all
halogenosilane-modified ZnO nanoparticles compared to unmodified ZnO, which can
be attributed to improved cellular uptake and increased intracellular ROS generation. In-
terestingly, the relationship between cytotoxicity, apoptosis and ROS production suggests
that multiple and potentially competing cell death pathways are involved, depending on
nanoparticle surface characteristics. In particular, while unmodified ZnO appears to favor
apoptosis-related mechanisms, halogenosilane-modified systems, especially ZnO_b, may
induce cell death through more complex ROS-driven processes.

Additional morphological evidence supporting these findings by SEM analysis of
treated PC3 cells revealed distinct alterations in cell structure consistent with apoptosis and
impaired cellular functionality. These observations reinforce the importance of nanoparticle–
cell interactions in determining biological outcomes and further highlight the role of surface
functionalization in modulating such interactions.

Overall, the present study demonstrates that halogenosilane functionalization en-
ables modulation of the biological profile of ZnO nanoparticles, leading to enhanced
anticancer activity together with distinct microbiocidal responses depending on the micro-
bial system. These findings support the potential of halogenosilane-modified ZnO NPs as
anticancer-oriented nanomaterials in prostate cancer cell models, while further studies on
additional cancer cell tumor types are required to establish the broader relevance of this
biological response.
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25. Buşilă, M.; Tăbăcaru, A.; Muşat, V.; Vasile, B.S.; Neacşu, I.A.; Pinheiro, T.; Roma-Rodrigues, C.; Baptista, P.V.; Fernandes,
A.R.; Matos, A.P.; et al. Size-dependent biological activities of fluorescent organosilane-modified zinc oxide nanoparticles.
J. Biomed. Nanotechnol. 2020, 16, 137–152. [CrossRef] [PubMed]

26. Lallo da Silva, B.; Caetano, B.L.; Chiari-Andréo, B.G.; Pietro, R.C.L.R.; Chiavacci, L.A. Increased antibacterial activity of ZnO
nanoparticles: Influence of size and surface modification. Coll. Surf. B Biointerfaces 2019, 177, 440–447. [CrossRef] [PubMed]

27. Lallo da Silva, B.; Garcia, M.M.; Oshiro-Junior, J.A.; Rillo Sato, M.; Caetano, B.L.; Chiavacci, L.A. Modified zinc oxide nanoparticles
against multiresistant Enterobacteriaceae: Stability, growth studies, and antibacterial activity. J. Sol-Gel Sci. Technol. 2022, 101,
244–255. [CrossRef]

28. Du, F.; Niu, J.; Hong, Y.; Fang, X.; Geng, Z.; Liu, J.; Xu, F.; Liu, T.; Chen, Q.; Zhai, J.; et al. Microwave-assisted synthesized
ZnO@APTES quantum dots exhibits potent antibacterial efficacy against methicillin-resistant Staphylococcus aureus without
inducing resistance. Int. J. Nanomed. 2025, 20, 523–540. [CrossRef]

29. Aboulaich, A.; Tilmaciu, C.-M.; Merlin, C.; Mercier, C.; Guilloteau, H.; Medjahdi, G.; Schneider, R. Physicochemical properties
and cellular toxicity of (poly)aminoalkoxysilanes-functionalized ZnO quantum dots. Nanotechnology 2012, 23, 335101. [CrossRef]
[PubMed]

30. Jaramillo, A.F.; Baez-Cruz, R.; Montoya, L.F.; Medinam, C.; Pérez-Tijerina, E.; Salazar, F.; Rojas, D.; Melendrez, M.F. Estimation of
the surface interaction mechanism of ZnO nanoparticles modified with organosilane groups by Raman Spectroscopy. Ceram. Int.
2017, 43, 11838–11847. [CrossRef]

31. Aziz, T.; Ullah, A.; Fan, H.; Jamil, M.I.; Khan, F.U.; Ullah, R.; Iqbal, M.; Ali, A.; Ullah, B. Recent progress in silane coupling agent
with its emerging applications. J. Polym. Environ. 2021, 29, 3427–3443. [CrossRef]

32. Howell, C.; Grinthal, A.; Sunny, S.; Aizenberg, M.; Aizenberg, J. Designing liquid-infused surfaces for medical applications: A
review. Adv. Mater. 2018, 30, 1802724. [CrossRef] [PubMed]

33. Somasundaram, S. Silane coatings of metallic biomaterials for biomedical implants: A preliminary review. J. Biomed. Mater. Res.
Part B Appl. Biomater. 2018, 106, 2901–2918. [CrossRef] [PubMed]

34. Morselli, D.; Iseppi, R.; Papadopoulou, E.L.; Bolelli, G.; Sabia, C.; Degli Esposti, M.; Fabbri, P. Sprayable thermoset nanocomposite
coatings based on silanized-PEG/ZnO to prevent microbial infections of titanium implants. Adv. Mater. Interfaces 2023, 10, 2300178.
[CrossRef]

35. Xu, J.; Huang, Y.; Zhu, S.; Abbes, N.; Jing, X.; Zhang, L. A review of the green synthesis of ZnO nanoparticles using plant extracts
and their prospects for application in antibacterial textiles. J. Eng. Fibers Fabr. 2021, 16, 15589250211046242. [CrossRef]

36. Sana, S.S.; Atapakala, S.; Vadde, R.; Raja, V.; Alam, M.M.; Kim, S.-C. An investigation of zinc oxide nanoflowers biofabricated
from karaya gum for their antibacterial, antibiofilm, antioxidant, anticancer, and hemocompatibility properties in vitro. Int. J.
Biol. Macromol. 2025, 322, 146996. [CrossRef] [PubMed]

37. Raychaudhuri, R.; Lin, D.W.; Montgomery, R.B. Prostate cancer: A review. JAMA 2025, 333, 1433–1446. [CrossRef] [PubMed]
38. Elbagory, A.M.; Hull, R.; Meyer, M.; Dlamini, Z. Reports of plant-derived nanoparticles for prostate cancer therapy. Plants 2023,

12, 1870. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27125388

https://doi.org/10.1007/s10856-021-06602-x
https://www.ncbi.nlm.nih.gov/pubmed/34591206
https://doi.org/10.1166/jbn.2013.1652
https://www.ncbi.nlm.nih.gov/pubmed/23909132
https://doi.org/10.3390/nano15120892
https://www.ncbi.nlm.nih.gov/pubmed/40559255
https://doi.org/10.1039/d2cp00301e
https://www.ncbi.nlm.nih.gov/pubmed/35635309
https://doi.org/10.3390/membranes13020239
https://www.ncbi.nlm.nih.gov/pubmed/36837742
https://doi.org/10.1021/acsomega.7b01953
https://www.ncbi.nlm.nih.gov/pubmed/30023854
https://doi.org/10.2166/h2oj.2025.037
https://doi.org/10.1166/jbn.2011.1220
https://www.ncbi.nlm.nih.gov/pubmed/21485822
https://doi.org/10.2147/nsa.s23932
https://www.ncbi.nlm.nih.gov/pubmed/24198497
https://doi.org/10.1166/jbn.2020.2882
https://www.ncbi.nlm.nih.gov/pubmed/32252876
https://doi.org/10.1016/j.colsurfb.2019.02.013
https://www.ncbi.nlm.nih.gov/pubmed/30798065
https://doi.org/10.1007/s10971-021-05681-0
https://doi.org/10.2147/IJN.S498672
https://doi.org/10.1088/0957-4484/23/33/335101
https://www.ncbi.nlm.nih.gov/pubmed/22865601
https://doi.org/10.1016/j.ceramint.2017.06.027
https://doi.org/10.1007/s10924-021-02142-1
https://doi.org/10.1002/adma.201802724
https://www.ncbi.nlm.nih.gov/pubmed/30151909
https://doi.org/10.1002/jbm.b.34151
https://www.ncbi.nlm.nih.gov/pubmed/30091505
https://doi.org/10.1002/admi.202300178
https://doi.org/10.1177/15589250211046242
https://doi.org/10.1016/j.ijbiomac.2025.146996
https://www.ncbi.nlm.nih.gov/pubmed/40840736
https://doi.org/10.1001/jama.2025.0228
https://www.ncbi.nlm.nih.gov/pubmed/40063046
https://doi.org/10.3390/plants12091870
https://www.ncbi.nlm.nih.gov/pubmed/37176928
https://doi.org/10.3390/ijms27125388


Int. J. Mol. Sci. 2026, 27, 5388 24 of 25

39. Wang, J.; Zhang, X.; Xing, J.; Gao, L.; Lu, H. Nanomedicines in Diagnosis and Treatment of Prostate Cancers: An Updated Review.
Front. Bioeng. Biotechnol. 2024, 12, 1444201. [CrossRef] [PubMed]

40. Duarte, D.J.R.; Sosa, G.L.; Peruchena, N.M.; Alkorta, I. Halogen bonding. The role of the polarizability of the electron-pair donor.
Phys. Chem. Chem. Phys. 2016, 18, 7300–7309. [CrossRef] [PubMed]

41. Auffinger, P.; Hays, F.A.; Westhof, E.; Ho, P.S. Halogen bonds in biological molecules. Proc. Natl. Acad. Sci. USA 2004, 101,
16789–16794. [CrossRef] [PubMed]

42. Mus, at, V.; Tăbăcaru, A.; Vasile, B.S, .; Surdu, V.-A. Size-dependent photoluminescence of zinc oxide quantum dots through
organosilane functionalization. RSC Adv. 2014, 4, 63128–63136. [CrossRef]

43. Tăbăcaru, A.; Mus, at, V.; T, igău, N.; Vasile, B.S, .; Surdu, V.-A. Vinyltrimethoxysilane-modified zinc oxide quantum dots with tuned
optical properties. Appl. Surf. Sci. 2015, 359, 766–773. [CrossRef]

44. Bertolotti, F.; Tăbăcaru, A.; Mus, at, V.; T, igău, N.; Cervellino, A.; Masciocchi, N.; Guagliardi, A. Band gap narrowing in silane-
grafted ZnO nanocrystals. A comprehensive study by wide-angle X-ray total scattering methods. J. Phys. Chem. C 2021, 125,
4806−4819. [CrossRef]

45. Ischenko, V.; Polarz, S.; Grote, D.; Stavarache, V.; Fink, K.; Driess, M. Zinc oxide nanoparticles with defects. Adv. Funct. Mater.
2003, 15, 1945–1954. [CrossRef]

46. McCluskey, M.D.; Jokela, S.J. Defects in ZnO. J. Appl. Phys. 2009, 106, 071101. [CrossRef]
47. Ratke, L.; Voorhees, P.W. Growth and Coarsening: Ostwald Ripening in Material Processing; Springer: New York, NY, USA, 2002.
48. van Embden, J.; Gross, S.; Kittilstved, K.R.; Della Gaspera, E. Colloidal approaches to zinc oxide nanocrystals. Chem. Rev. 2023,

123, 271–326. [CrossRef] [PubMed]
49. Kotecha, M.; Veeman, W.; Rohe, B.; Tausch, M. NMR investigations of silane-coated nano-sized ZnO particles. Microporous

Mesoporous Mater. 2006, 95, 66–75. [CrossRef]
50. Bressy, C.; Ngo, V.G.; Ziarelli, F.; Margaillan, A. New insights into the adsorption of 3-(trimethoxysilyl)propylmethacrylate on

hydroxylated ZnO nanopowders. Langmuir 2012, 28, 3290–3297. [CrossRef] [PubMed]
51. Ma, X.; Dong, Z.; Wang, B.; Liu, L.; Ye, R. Preparation of ZnO nanoparticles modified with silane coupling-agents to fabricate

anti-UV Poly(vinyl chloride) films. Turk. J. Chem. 2021, 46, 542–549. [CrossRef] [PubMed]
52. Nicolay, A.; Lanzutti, A.; Poelman, M.; Ruelle, B.; Fedrizzi, L.; Dubois, P.; Olivier, M.-G. Elaboration and characterization of a

multifunctional silane/ZnO hybrid nanocomposite coating. Appl. Surf. Sci. 2015, 327, 379–388. [CrossRef]
53. Jena, K.K.; Narayan, R.; Raju, K.V.S.N. Surface functionalized zinc oxide (ZnO) nanoparticle filled organic–inorganic hybrid

materials with enhanced thermo-mechanical properties. Prog. Org. Coat. 2015, 89, 82–90. [CrossRef]
54. OECD. Test No. 318: Dispersion Stability of Nanomaterials in Simulated Environmental Media; OECD Guidelines for the Testing of

Chemicals, Section 3; OECD Publishing: Paris, France, 2017. [CrossRef]
55. Hassanzadeh-Tabrizi, S.A. Precise calculation of crystallite size of nanomaterials: A review. J. Alloys Compd. 2023, 968, 172171.

[CrossRef]
56. Devesa, S.; Rooney, A.P.; Graça, M.P.; Cooper, D.; Costa, L.C. Williamson–Hall analysis in estimation of crystallite size and lattice

strain in Bi1.34Fe0.66Nb1.34O6.35 prepared by the sol–gel method. Mater. Sci. Eng. B 2021, 263, 114830. [CrossRef]
57. Pholnak, C.; Sirisathitkul, C.; Suwanboon, S.; Harding, D.J. Effects of precursor concentration and reaction time on sonochemically

synthesized ZnO nanoparticles. Mat. Res. 2014, 17, 405–411. [CrossRef]
58. Wahab, R.; Ansari, S.G.; Kim, Y.S.; Dar, M.A.; Shin, H.S. Synthesis and characterization of hydrozincite and its conversion into

zinc oxide nanoparticles. J. Alloys Compd. 2008, 461, 66–71. [CrossRef]
59. Sakohara, S.; Ishida, M.; Anderson, M.A. Visible luminescence and surface properties of nanosized ZnO colloids prepared by

hydrolyzing zinc acetate. J. Phys. Chem. B 1998, 102, 10169–10175. [CrossRef]
60. Liu, J.; Kang, Y.; Yin, S.; Song, B.; Wei, L.; Chen, L.; Shao, L. Zinc oxide nanoparticles induce toxic responses in human

neuroblastoma SHSY5Y cells in a size-dependent manner. Int. J. Nanomed. 2017, 12, 8085–8099. [CrossRef] [PubMed]
61. Awashra, M.; Młynarz, P. The toxicity of nanoparticles and their interaction with cells: An in vitro metabolomic perspective.

Nanoscale Adv. 2023, 5, 2674–2723. [CrossRef] [PubMed]
62. Toscano, F.; Torres-Arias, M. Nanoparticles Cellular Uptake, Trafficking, Activation, Toxicity and in vitro Evaluation.

Curr. Res. Immunol. 2023, 4, 100073. [CrossRef] [PubMed]
63. Eixenberger, J.E.; Anders, C.B.; Wada, K.; Reddy, K.M.; Brown, R.J.; Moreno-Ramirez, J.; Bruckman, M.A.; Vanover, D.; Moon, J.J.;

Rasel, M.A.; et al. Rapid dissolution of ZnO nanoparticles induced by biological buffers significantly impacts cytotoxicity.
Chem. Res. Toxicol. 2017, 30, 1641–1651. [CrossRef] [PubMed]

64. Wahab, R.; Siddiqui, M.A.; Saquib, Q.; Dwivedi, S.; Ahmad, J.; Musarrat, J.; Al-Khedhairy, A.A.; Shin, H.S. ZnO nanoparticles
induced oxidative stress and apoptosis in HepG2 and MCF-7 cancer cells and their antibacterial activity. Colloids Surf. B
Biointerfaces 2014, 117, 267–276. [CrossRef] [PubMed]

65. Akhtar, M.J.; Ahamed, M.; Kumar, S.; Khan, M.M.; Ahmad, J.; Alrokayan, S.A. Zinc oxide nanoparticles selectively induce
apoptosis in human cancer cells through reactive oxygen species. Int. J. Nanomed. 2012, 7, 845–857. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27125388

https://doi.org/10.3389/fbioe.2024.1444201
https://www.ncbi.nlm.nih.gov/pubmed/39318666
https://doi.org/10.1039/c5cp07941a
https://www.ncbi.nlm.nih.gov/pubmed/26900007
https://doi.org/10.1073/pnas.0407607101
https://www.ncbi.nlm.nih.gov/pubmed/15557000
https://doi.org/10.1039/c4ra10851e
https://doi.org/10.1016/j.apsusc.2015.10.175
https://doi.org/10.1021/acs.jpcc.0c10502
https://doi.org/10.1002/adfm.200500087
https://doi.org/10.1063/1.3216464
https://doi.org/10.1021/acs.chemrev.2c00456
https://www.ncbi.nlm.nih.gov/pubmed/36563316
https://doi.org/10.1016/j.micromeso.2006.04.017
https://doi.org/10.1021/la204544c
https://www.ncbi.nlm.nih.gov/pubmed/22216911
https://doi.org/10.55730/1300-0527.3327
https://www.ncbi.nlm.nih.gov/pubmed/38143475
https://doi.org/10.1016/j.apsusc.2014.11.161
https://doi.org/10.1016/j.porgcoat.2015.05.022
https://doi.org/10.1007/978-981-10-4137-2_1
https://doi.org/10.1016/j.jallcom.2023.171914
https://doi.org/10.1016/j.mseb.2020.114830
https://doi.org/10.1590/S1516-14392013005000192
https://doi.org/10.1016/j.jallcom.2007.07.029
https://doi.org/10.1021/jp982594m
https://doi.org/10.2147/ijn.s149070
https://www.ncbi.nlm.nih.gov/pubmed/29138564
https://doi.org/10.1039/d2na00534d
https://www.ncbi.nlm.nih.gov/pubmed/37205285
https://doi.org/10.1016/j.crimmu.2023.100073
https://www.ncbi.nlm.nih.gov/pubmed/38020531
https://doi.org/10.1021/acs.chemrestox.7b00136
https://www.ncbi.nlm.nih.gov/pubmed/28693316
https://doi.org/10.1016/j.colsurfb.2014.02.038
https://www.ncbi.nlm.nih.gov/pubmed/24657613
https://doi.org/10.2147/ijn.s29129
https://www.ncbi.nlm.nih.gov/pubmed/22393286
https://doi.org/10.3390/ijms27125388


Int. J. Mol. Sci. 2026, 27, 5388 25 of 25

66. Rodríguez-Melcón, C.; Alonso-Calleja, C.; García-Fernández, C.; Carballo, J.; Capita, R. Minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) for twelve antimicrobials against strains of Escherichia coli isolated from food.
Biology 2021, 11, 46. [CrossRef] [PubMed]

67. Zhong, L.; Liu, H.; Samal, M.; Yun, K. Synthesis of ZnO nanoparticles-decorated spindle-shaped graphene oxide for application
in synergistic antibacterial activity. J. Photochem. Photobiol. B Biol. 2018, 183, 293–301. [CrossRef] [PubMed]

68. Mohammed, A.M.; Mohammed, M.; Oleiwi, J.K.; Ihmedee, F.H.; Adam, T.; Betar, B.O.; Gopinath, S.C.B. Comprehensive review
on zinc oxide nanoparticle production and the associated antibacterial mechanisms and therapeutic potential. Nano Trends 2025,
11, 100145. [CrossRef]

69. d’Alessandro, N.; Coccia, F.; Vitali, L.A.; Rastelli, G.; Cinosi, A.; Mascitti, A.; Tonucci, L. Cu-ZnO embedded in a polydopamine
shell for the generation of antibacterial surgical face masks. Molecules 2024, 29, 4512. [CrossRef] [PubMed]

70. Klug, H.P.; Alexander, L.E. X-Ray Diffraction Procedures for Polycrystalline and Amorphous Materials; Wiley: New York, NY,
USA, 1974.

71. Côrte-Real, L.; Matos, A.P.; Alho, I.; Morais, T.S.; Tomaz, A.I.; Garcia, M.H.; Santos, I.; Bicho, M.P.; Marques, F. Cellular uptake
mechanisms of an antitumor ruthenium compound: The endosomal/lysosomal system as a target for anticancer metal-based
drugs. Microsc. Microanal. 2013, 19, 1122–1130. [CrossRef] [PubMed]

72. Marques, A.; Belchior, A.; Silva, F.; Marques, F.; Campello, M.P.C.; Pinheiro, T.; Santos, P.; Santos, L.; Matos, A.P.A.; Paulo, A. Dose
rate effects on the selective radiosensitization of prostate cells by GRPR-targeted gold nanoparticles. Int. J. Mol. Sci. 2022, 23, 5279.
[CrossRef] [PubMed]

73. Hachem, H.; Le Gal, Y.; Jeannin, O.; Lorcy, D.; Scalese, G.; Pérez-Díaz, L.; Gambino, D.; Matos, A.P.; Marques, F. Metal (Au, Pt, Pd,
Ni) bis(dithiolene) complexes as dual-action agents combating cancer and trypanosomatid infections. J. Inorg. Biochem. 2025,
264, 112788. [CrossRef] [PubMed]

74. Dafale, N.A.; Semwal, U.P.; Rajput, R.K.; Singh, G.N. Selection of appropriate analytical tools to determine the potency and
bioactivity of antibiotics and antibiotic resistance. J. Pharm. Anal. 2016, 6, 207–213. [CrossRef] [PubMed]

75. Aguilar-Garay, R.; Lara-Ortiz, L.F.; Campos-López, M.; Gonzalez-Rodriguez, D.E.; Gamboa-Lugo, M.M.; Mendoza-Pérez, J.A.;
Anzueto-Ríos, Á.; Nicolás-Álvarez, D.E. A comprehensive review of silver and gold nanoparticles as effective antibacterial agents.
Pharmaceuticals 2024, 17, 1134. [CrossRef] [PubMed]

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

https://doi.org/10.3390/ijms27125388

https://doi.org/10.3390/biology11010046
https://www.ncbi.nlm.nih.gov/pubmed/35053044
https://doi.org/10.1016/j.jphotobiol.2018.04.048
https://www.ncbi.nlm.nih.gov/pubmed/29751263
https://doi.org/10.1016/j.nwnano.2025.100145
https://doi.org/10.3390/molecules29184512
https://www.ncbi.nlm.nih.gov/pubmed/39339506
https://doi.org/10.1017/s143192761300175x
https://www.ncbi.nlm.nih.gov/pubmed/23790186
https://doi.org/10.3390/ijms23095279
https://www.ncbi.nlm.nih.gov/pubmed/35563666
https://doi.org/10.1016/j.jinorgbio.2024.112788
https://www.ncbi.nlm.nih.gov/pubmed/39642704
https://doi.org/10.1016/j.jpha.2016.05.006
https://www.ncbi.nlm.nih.gov/pubmed/29403984
https://doi.org/10.3390/ph17091134
https://www.ncbi.nlm.nih.gov/pubmed/39338299
https://doi.org/10.3390/ijms27125388

	Introduction 
	Results and Discussion 
	Synthesis and Morpho-Structural Characterization 
	Biological Properties 
	Cytotoxic Activity 
	Cell-Associated Zn Accumulation Assessed by ICP-MS 
	Oxidative Stress by ROS 
	Mechanisms of Cell Death 
	Antimicrobial Activity of ZnO and Halogenosilane-Modified ZnO Nanoparticles 


	Materials and Methods 
	Reagents 
	Synthesis of Halogenosilane-Modified ZnO NPs 
	Nanoparticles Characterization 
	XRD Analysis 
	TEM Analysis 
	SEM-EDX Analysis 
	FTIR Analysis 

	Biological Assays 
	Anticancer Activity 
	Analysis of Cellular Zinc Content by ICP-MS 
	ROS Production 
	Apoptosis Assay 
	SEM Studies with Cells 
	Antimicrobial Activities of ZnO and Halogenosilane ZnO NPs 


	Conclusions 
	References

