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ARTICLE INFO ABSTRACT

Keywords: In this study, bifunctional organosilica nanoparticles bearing thiol and amine functionalities were synthesized,
Organosilica nanoparticles PEGylated, and subsequently functionalised with aromatic aldehydes via Schiff base formation. The nano-
Schiff bases

particles were prepared by an Ouzo effect-based nanoprecipitation method using 3-mercaptopropyltrimethoxy-
silane and 3-aminopropyltrimethoxysilane as precursors. Comprehensive physicochemical characterisation was
performed using dynamic light scattering, nanoparticle tracking analysis, transmission electron microscopy,
{-potential measurements, Ellman's and 4-nitrobenzaldehyde assays, FTIR spectroscopy, and X-ray diffraction.
PEGylation markedly improved colloidal stability, resulting in aggregation-free dispersions across a broad pH
range. In vivo toxicological assessment using Schmidtea mediterranea planaria demonstrated good biocompati-
bility of all nanoparticle formulations, with no evidence of epithelial barrier disruption. Antimicrobial activity
was evaluated in vitro against Staphylococcus aureus. Nanoparticles functionalised with aromatic aldehydes
exhibited pronounced antibacterial activity, whereas PEGylated nanoparticles showed only weak effects and
non-functionalised nanoparticles were inactive.

Polyethylene glycol
Surface modification, antimicrobial activity

1. Introduction diagnostic applications [3].

Silica nanoparticles offer exceptional versatility due to the high

The development of silica-based nanoparticles has attracted consid-
erable attention due to their exceptional stability, tunable physico-
chemical properties, and wide-ranging applications in biomedical and
pharmaceutical sciences [1]. Their ability to efficiently encapsulate
therapeutic agents, enhance bioavailability, and facilitate targeted drug
delivery makes them highly promising in modern nanomedicine.
Moreover, the U.S. Food and Drug Administration (FDA) has recognized
certain commonly used forms of silica (e.g., silicon dioxide) as generally
safe for biomedical applications [2]. A key advantage of these nano-
particles lies in their high surface area and ease of modification, which
enable precise tuning of their properties for specific therapeutic and

density of surface functional groups that are possible to chemically
modify, enabling easy functionalization with various chemical groups
such as amines (-NHz), thiols (-SH), and carboxyls (-COOH). The pres-
ence of silanol groups on their surface facilitates bioconjugation,
improving their interaction with biomolecules and enhancing their po-
tential in targeted drug delivery. Furthermore, their size and
morphology can be finely controlled by adjusting synthesis parameters,
including precursor concentration, catalyst type, pH, and reaction
temperature [4,5]. While physical adsorption is the most common
approach for drug loading onto silica nanoparticles [6], recent studies
have demonstrated that covalent binding strategies can significantly
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improve drug-loading efficiency and release kinetics [7].

In particular, amino-functionalized mesoporous organosilica nano-
particles have shown enhanced drug encapsulation and pH-responsive
release, making them promising candidates for controlled drug de-
livery applications [8]. An important advancement in this field is the
development of degradable mesoporous organosilica nanoparticles
(MONSs), which address concerns related to long-term accumulation in
biological systems. By incorporating biodegradable linkages into the
silica framework, MONs undergo controlled degradation under physio-
logical conditions, ensuring efficient drug release while minimizing
potential toxicity [9]. These advances emphasize the growing potential
of functionalized silica-based nanoplatforms for biomedical applica-
tions, including targeted therapy, bioimaging, and controlled drug
release [10].

Our research group has conducted extensive studies on thiolated
organosilica nanoparticles, including their synthesis, size control, and
biomedical applications [11-14]. We demonstrated that solvent polar-
ity, catalyst type, and temperature markedly affect nanoparticle size and
surface properties [13], and confirmed the in vitro and in vivo
biocompatibility of thiolated and PEGylated organosilica nanoparticles
[14]. It was also demonstrated that thiolated silica nanoparticles exhibit
mucoadhesive properties, enabling prolonged mucosal retention via
thiol-mediated interactions [15].

The escalating problem of antimicrobial resistance and the limited
pipeline of new antibiotics highlight the urgent need for novel antimi-
crobial formulations [16,17]. Nanoparticle-based systems with intrinsic
or enhanced antimicrobial activity can improve drug stability, targeted
delivery, and local retention at infection sites. This may increase effi-
cacy, lower required doses, and help limit resistance development,
making antimicrobial nanoparticles a promissing next-generation anti-
infective strategy [18,19]. Literature suggests that nanomaterials
bearing bioactive groups can kill bacteria via direct contact; amine-
functional nanostructures, in particular, can electrostatically interact
with negatively charged bacterial cell wall components [20,21]. These
contact-dependent mechanisms are especially relevant for Gram-
positive pathogens such as Staphylococcus aureus, which readily adhere
to surfaces and form biofilms [22]. Staphylococcus aureus is one of the
major causative agents of skin, wound, and mucosal infections in
humans and is widely used as an model microorganism for evaluating
novel antimicrobial materials due to its high propensity for developing
antibiotic resistance [23].

Functional silica nanoparticles are a valuable platform for antimi-
crobial materials; here we introduce a modular organosilica nano-
particle design that combines thiol/amine co-condensation, PEGylation,
and adjustable aromatic Schiff-base surface functionalisation within a
single construct. Organosilica nanoparticles were synthesized from 3-
mercaptopropyltrimethoxysilane and 3-aminopropyltrimethoxysilane,
followed by surface PEGylation and further functionalisation via Schiff
base formation with p-anisaldehyde and p-chlorobenzaldehyde. The
resulting nanoparticles were comprehensively characterised in terms of
their physicochemical properties, preliminary toxicological profile, and
in vitro antimicrobial activity against Staphylococcus aureus NCTC
10788.

2. Materials and methods
2.1. Materials

3-Mercaptopropyltrimethoxysilane (MPTS), 3-aminopropyltrime-
thoxysilane (APTS), methoxypolyethylene glycol maleimide (MePEG,
>90% by NMR, MW 5000), 5,5-dithiobis(2-nitrobenzoic acid) (DTNB,
>98%), and cysteine hydrochloride, benzalkonium chloride (BAC), 4-
nitrobenzaldehyde (NBA), nutrient agar, fluorescein sodium salt
(NaFl), resazurin sodium salt, dialysis tubing cellulose membrane
(MWCO 12-14 kDa, flat width 43 mm), diethylenetriaminepentaacetic
acid (DTPA) were purchased from Sigma-Aldrich (UK), and used
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without further purification. 4-Anisaldehyde (AA, 98%) was obtained
from Sigma-Aldrich (Bangalore, India). Dimethyl sulfoxide (DMSO),
nutrient broth and sodium hydroxide were obtained from Thermo Fisher
(UK).

2.2. Synthesis of bifunctional silica nanoparticles

The synthesis of bifunctional silica nanoparticles was adapted from
Chiu [24]. Briefly, an organic phase consisting of 8.13 mL of DMSO,
0.37 mL of MPTMS/APTS (varied ratios, total 200 mM), 0.5 mL of 10
mM diethylenetriaminepentaacetic acid (DTPA), and 1 mL of 5 M HCl
was prepared. The solution was equilibrated in an ice bath for 10 min,
then incubated at room temperature in the dark for 24 h. Following this,
1 mL of the organic phase was injected into 10 mL of water under stirring
at 300 rpm at room temperature. The resulting colloidal dispersion was
aged at 60 °C for 2 h and then purified by dialysis against deionised
water (5 L; MWCO 12000-14,000 Da; eight water changes) for 48 h to
remove salts and unreacted monomers. The purified nanoparticles were
stored at 4 °C in aqueous dispersions.

2.3. PEGylation of nanoparticles

10 mL of the aqueous nanoparticle dispersion (1.2 mg/mL) was
mixed with 50 mg of methoxy-polyethylene glycol maleimide, after
which the reaction mixture was stirred at room temperature for 15 h.
This procedure was adapted from our previous study [15]. The resulting
nanoparticles were purified by dialysis as described above. All samples
were stored in the dark at 4 °C.

2.4. Synthesis of Schiff base-modified nanoparticles

The aromatic aldehydes (p-anisaldehyde or p-chlorobenzaldehyde)
were first dissolved in dimethyl sulfoxide (DMSO) to obtain 25 mM stock
solutions. These aldehyde solutions were then added to an aqueous
suspension of organosilica nanoparticles at a ratio of 100 pL of aldehyde
solution per 1 mL of nanoparticle dispersion, providing an excess rela-
tive to the surface amino groups. The reaction mixture was continuously
stirred at 45 °C for 6 h to allow Schiff base formation. Upon completion,
the modified nanoparticles were purified by dialysis against deionized
water, as described above. All synthesized samples were stored in the
dark at 4 °C until further use.

2.5. Characterisation of synthesized nanoparticles

2.5.1. Dynamic light scattering

Nanoparticles' size and zeta potential were measured using dynamic
light scattering and electrophoretic mobility using the Nano-ZS series
instrument (Malvern Instruments, U.K.) at 25 °C. Nanoparticles were
dispersed in ultrapure water at the ratio of 1:100 with a refractive index
of 1.45 at a scattering angle of 173°. Nanoparticle size is expressed as the
mean hydrodynamic diameter + standard deviation, determined from
three independent batches measured in triplicate.

2.5.2. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using an LM10
instrument equipped with an LM14 laser module and a top plate,
operating with a 532 nm green laser (Malvern, UK). As NTA measures
the Brownian motion of individual nanoparticles, highly diluted sus-
pensions were required. Therefore, the stock nanoparticle dispersion
was diluted 1:10000 prior to measurements. Each diluted sample was
loaded into a 1 mL syringe and introduced into the instrument through a
syringe pump set at a constant flow rate of 30 a.u. For each sample, five
60-s videos were recorded, and measurements were conducted on three
independent samples. Data analysis was carried out using NTA software
(version 3.2). All measurements were performed at room temperature
(~25 °C) under continuous flow conditions to ensure representative
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tracking of the nanoparticle population.

2.5.3. Ellman's assay

The thiol content of the nanoparticles was determined using Ellman's
assay [15]. Before analysis, the samples were freeze-dried (Heto Power
Dry LL 3000, Thermo Electron Corporation) and dispersed at a con-
centration of 2 mg/mL in phosphate buffer solution (0.5 mol/L, pH 8).
After hydration for 1 h, 500 pL of the nanoparticle dispersion was mixed
with 500 pL of DTNB solution (3 mg DTNB in 10 mL of the same buffer)
and incubated in the dark for 90 min. The samples were centrifuged at
13000 rpm for 10 min, and the absorbance of the supernatant was
measured at 405 nm. Thiol concentration was determined using a
cysteine hydrochloride calibration curve (0.020-0.793 pmol/mL), see
Fig. S2 in Supplementary information.

2.5.4. 4-Nitrobenzaldehyde assay

A 500 pL silica nanoparticle dispersion was centrifuged for 20 min,
and the supernatant was removed [25]. The nanoparticles were redis-
persed in 1 mL of ethanol with excess of 4-NBA (100-fold amine
coverage) and incubated overnight at 45 °C with stirring (1100 rpm).
Purification involved four cycles of centrifugation and redispersion in
fresh ethanol. The nanoparticles were then incubated in a 1:1 ethanol/
water solution at 45 °C overnight, followed by two additional 1-h hy-
drolysis steps. Optical density at 268 nm confirmed the complete
removal of 4-NBA after three cycles. Calibration curves were prepared
using 4-NBA standards in hydrolysis solution (0.0078-0.25 pmol/mL),
see Fig. S3 in Supplementary information.

2.5.5. Transmission electron microscopy

The morphological characteristics of nanoparticles were examined at
electron microscopy facility of Nazarbayev University (Kazakhstan)
using transmission electron microscopy (JEOL JEM-1400 Plus). A
nanoparticle suspension with a concentration of 1 mg/mL was deposited
onto carbon-coated 300-mesh copper grids, with a volume of 8 pL
applied to each grid. The grids were air-dried under clean conditions.
Samples were visualised at an accelerating voltage of 120 kV.

2.5.6. pH adjustment and measurements

The pH of the nanoparticle dispersions was adjusted by adding small
portions of either 1 mol/L HCl or 1 mol/L NaOH. The pH was measured
using a pH meter (Seven Direct SD20, Mettler Toledo, Switzerland) at
room temperature.

2.5.7. FTIR spectroscopy

Fourier-transform infrared (FTIR) spectra of the freeze-dried nano-
particle samples and their modified forms were recorded using a Vertex
70 V spectrometer (Bruker, Ettlingen, Germany) equipped with a
germanium ATR crystal.

2.5.8. Elemental analysis

Elemental composition of the nanoparticles was determined using an
Elementar Rapid Micro N Cube analyzer (Langenselbold, Germany).
Prior to analysis, the samples were freeze-dried under vacuum.
Approximately 1-2 mg of each sample was accurately weighed and
sealed in a tin capsule. Each sample was measured in triplicate, and the
results are reported as average values.

2.5.9. X-ray diffraction

The crystalline phase composition of the samples was examined by X-
ray diffraction (XRD, Tongda TD-3700, China) with Cu Ka radiation (A
=1.54056 A, A= =1.54439 A). XRD patterns were collected in the 20
range of 5-60.
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2.6. Toxicological studies

2.6.1. Acute toxicity

Schmidtea mediterranea planaria were maintained and bred in-house
in artificial pond water (APW) at room temperature in the dark. They
were fed calf liver once per week, and the APW was partially replaced
monthly. Artificial pond water was prepared as a mixture of the
following salt stock solutions in ultrapure water: 3.2 mL of 5 M NaCl, 10
mL of 1 M CaClz, 10 mL of 1 M MgSO4, 1 mL of 1 M MgClzand 1 mL of 1
M KCI were added to 10 L of ultrapure water, followed by 1.008 g
NaHCOs, and the pH was adjusted to 7.0.

Planaria measuring 1.0-1.5 cm in length were placed individually
into the wells of 24-well plates, and 2 mL of nanoparticle suspensions
(NP, NP-PEG, NP-PEG-AA, and NP-PEG-ChBA) at a concentration of 1
mg/mL were added to each well. A 0.1% (w/v) benzalkonium chloride
(BAC) solution was used as a positive control, while APW served as the
negative control [26,27]. Acute toxicity was assessed over 24, 48, and
72 h by recording the number of live and dead worms. Specimens that
showed no movement after gentle agitation of the medium were
considered dead.

2.6.2. Planarian toxicity fluorescent assay

The experiment was slightly modified from the procedure previously
developed by our group [26]. Following a 24-h treatment with 0.1% of
the test substances, the worms were exposed for 1 min to a 0.1% w/v
sodium fluorescein solution in APW. The excess fluorescein solution was
then removed from the planaria by immersing them in APW for 15 min.
Each worm was then transferred onto a glass microscope slide and
immobilised using several drops of a 2.0% (w/v) Type A gelatin solution
(Sigma-Aldrich). The slides were placed on ice until the gelatin solidi-
fied. Fluorescence images were acquired using a Leica MZ10F stereo-
microscope (Leica Microsystems, UK) equipped with a DFC3000G
digital camera, under 2.0 x magnification, 160 ms exposure time, and a
gamma setting of 0.7. All images were analysed in ImageJ software to
determine the pixel intensity. Each sample was tested in triplicate, and
results were expressed as the mean fluorescence intensity + standard
deviation.

2.7. Antimicrobial effect

2.7.1. The minimum inhibitory concentration

Antimicrobial activity against Staphylococcus aureus NCTC 10788
was evaluated in 96-well microplates using the broth microdilution
method [28]. Each well was filled with 100 pL of nutrient broth. In the
first row, 100 pL of the test sample was added and thoroughly mixed.
Then, 100 pL aliquots were transferred sequentially to subsequent wells
to obtain two-fold serial dilutions. Amoxicillin solution (40 pg/mL) and
nutrient broth without antibiotics served as controls. All wells received
10 pL of a S. aureus suspension, resulting in a final inoculum of 5 x 10°
CFU/mL.

Plates were covered and sealed with parafilm to prevent evaporation,
then incubated at 37 °C for 20 h. After incubation, 20 pL of a 0.02%
resazurin solution was added to each well, and plates were further
incubated for 1 h. Color change was used to evaluate bacterial viability.

2.7.2. Time-kill kinetic assay

The time-kill kinetic assay was performed according to the method
described by Shehabeldine [29] with slight modifications to suit the
experimental conditions. Staphylococcus aureus NCTC 10788 was grown
overnight in a nutrient broth at 37 °C, and the culture was diluted with
sterile phosphate-buffered saline (PBS) to obtain an inoculum of
approximately 1.6 x 10% CFU/mL. In sterile glass flasks, 500 pL of
nutrient broth, 500 pL of the nanoparticle suspension, and 100 pL of the
bacterial inoculum were mixed to a total volume of 1.1 mL. The mixtures
were incubated at 37 °C with continuous shaking (150 rpm), and ali-
quots were withdrawn at 0, 3, and 6 h. Each aliquot was serially diluted
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in PBS, and 10 pL from each dilution was plated onto nutrient agar
plates, which were incubated for 24 h at 37 °C. Viable colonies were
counted to determine CFU/mL at each time point. All experiments were
carried out in triplicate using independent samples. Data are presented

as mean =+ standard deviation. Statistical differences between groups
were determined using one-way ANOVA.

3. Results and discussion
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(OSNPs) were synthesized by co-condensation of (3-mercaptopropyl)
trimethoxysilane (MPTS) and (3-aminopropyl)trimethoxysilane (APTS)
at a molar ratio of 3:1 using the Ouzo-effect nanoprecipitation approach
[24]. The resulting nanoparticles had a mean hydrodynamic diameter of
133 + 2 nm with a narrow size distribution (PDI < 0.2) and a positive
zeta potential of +34 + 1 mV, indicating the presence of protonated
amine groups on the surface. The particles showed good colloidal sta-
bility in acidic and near-neutral environments (pH = 3-6); however, at
pH > 6, aggregation occurred, as evidenced by a substantial increase in
particle size (Fig. 1a). This instability at higher pH is likely attributed to

Hydrodynam

NAZARBAYEV
UNIVERSITY

7 9 11

i -

NAZARBAYEV
UNIVERSITY

Fig. 1. A) Diameter of nanoparticles in solutions at different pHs. TEM images of B) NP and C) NP-PEG. Some additional TEM images can be found in Fig. S1.
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the condensation of surface silanol groups (Si-OH — Si-O-Si) and the
deprotonation of amines (-NHs™ — —NH>), leading to diminished elec-
trostatic repulsion between particles [30,31]. (See Fig. 2.)

The nanoparticles were functionalized with methoxy polyethylene
glycol maleimide (MePEG, MW 5000) through thiol-maleimide
coupling. After PEGylation, the mean hydrodynamic diameter slightly
increased to 142 + 3 nm, while the zeta potential decreased from +32
+ 1 mV to +11 + 3 mV, confirming surface modification and the tran-
sition from electrostatic to steric stabilization. Quantitative Ellman's
assay further confirmed a reduction in surface thiol content from 172 +
8 pmol/g to 61 + 57 pmol/g, consistent with PEG grafting onto thiol
groups. The content of surface primary amine groups in the initial
nanoparticles was determined to be 106 + 5 pmol/g using the 4-nitro-
benzaldehyde assay, providing a reference for subsequent Schiff base
formation. The PEGylated OSNPs demonstrated colloidal stability across
a wide pH range (1.7-11.8), as the PEG shell effectively prevented ag-
gregation by steric hindrance and reduced oxidation or disulfide cross-
linking of thiol groups [32].

Transmission electron microscopy (TEM) was used to examine the
morphological characteristics of the thiolated nanoparticles (Fig. 1). The
analysis revealed that the nanoparticles were predominantly spherical
with an average particle size of 72 + 13 nm. The particle size deter-
mined by TEM was approximately two times smaller than the hydro-
dynamic diameter obtained by DLS, which may be attributed to
differences in the measurement principles of these techniques.

After PEGylation, the nanoparticles were further modified through
Schiff base formation with p-anisaldehyde and p-chlorobenzaldehyde.
The reaction was performed under mild conditions via condensation
between surface amino groups and aldehyde moieties.

DLS measurements showed that the hydrodynamic diameter
increased to 159 + 1 nm for NP-PEG-AA and 158 + 2 nm for NP-PEG-
ChBA, while the zeta potential decreased from +11 mV (NP-PEG) to
+7 £ 1 mV and + 8 + 1 mV, respectively, suggesting successful surface
modification and partial neutralization of positively charged amine
groups. The slight increase in particle size, combined with the decrease
in surface charge, indicates that the modification occurred without ag-
gregation and that the imine formation effectively altered the surface
chemistry [32]. The particle sizes measured by DLS and NTA were in
good agreement.

To confirm the chemical changes associated with Schiff base for-
mation, the surface primary amine content was quantitatively

NH,

/):9 (.,\)‘

MPEG-maleimide
15 h, RT, in dark
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determined using the 4-nitrobenzaldehyde (4-NBA) assay. The initial
organosilica nanoparticles contained 106 + 5 pmol/g of accessible -NH-
groups (Table 1). After PEGylation, the amount of accessible amine
groups decreased to 88 + 24 pmol/g, which can be attributed to steric
shielding of surface functionalities by PEG chains rather than chemical
consumption of amines. Following functionalisation with aromatic al-
dehydes, a further pronounced reduction in accessible amine groups was
observed, to 46 + 11 pmol/g for NP-PEG-AA and 29 + 16 pmol/g for
NP-PEG-ChBA. Based on the difference between the PEGylated and
aldehyde-modified samples, approximately 42 + 26 pmol/g (NP-PEG-
AA) and 59 £ 29 pmol/g (NP-PEG-ChBA) of surface amine groups can be
considered to have participated in imine bond formation, the formation
of Schiff bases [33].

The FTIR spectra of the initial and surface-modified nanoparticles
are shown in Fig. 3. In the spectrum of the initial organosilica nano-
particles (NP), absorption bands were observed at 1020 cm ™%, 797 cm™?
and 559 cm_l, which correspond to vg (Si-0-Si), vs (Si-O-Si) and &
(Si-0O-Si) vibrational modes, respectively [20,34]. In addition, absorp-
tion bands in the range 3000-2800 cm~! are attributed to the v (C—H)
stretching vibrations of propyl groups, while the bands at 1441 cm™!
and 1406 cm ™! correspond to 8 (C—H) deformation vibrations. A weak
band at approximately 1590 cm ™! is assigned to the § (N—H) bending
vibrations of surface primary amine groups [35]. In the spectra of PEG-
modified nanoparticles, several new absorption bands appeared. In
particular, the band at 1708 cm ™! corresponds to the carbonyl v (C=0)
stretching vibration of the maleimide fragment and confirms the cova-
lent attachment of PEG-maleimide to the nanoparticle surface. The band
at 1465 cm™! is characteristic of CHz deformation vibrations in PEG
chains, while the signals at 1342 cm !, 1279 cm ™! and 841 cm ™! may be
associated with v (C—N) and v (C-O-C) vibrational modes [36,37]. The
aldehyde-modified nanoparticles exhibited new absorption bands in the
region associated with the v (C=N) stretching vibration of Schiff bases.
These bands appeared at 1595 cm™* for NP-PEG-AA and at 1619 cm ™
for NP-PEG-ChBA, suggesting the formation of imine linkages between
the surface amino groups and the aromatic aldehydes [33]. The detailed
FTIR band assignments are provided in Table S1. (See Figs. 4 and 5.)

Elemental analysis was employed to monitor changes in the organic
composition during the stepwise surface modification of the nano-
particles. The nitrogen content of the amine-functionalized nano-
particles was determined to be 0.37%, confirming the presence of
surface amine groups. Following PEGylation with methoxy-poly

Fig. 2. Schematically illustrates the chemical modifications of the nanoparticles.
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Table 1

Biomaterials Advances 184 (2026) 214795

Physicochemical characteristics of thiol-amine, PEGylated, and aldehyde-modified organosilica nanoparticles.

Diameter, nm (DLS) Diameter, nm (NTA) &-potential, mV PDI NH,, groups, pmol/g
NP 133+ 2 130 £ 2 34+1 0.153 + 0.002 106 £ 5
NP-PEG 142 + 3 140 + 1 11+3 0.208 + 0.015 88 + 24
NP-PEG-AA 159 +£1 162 +£3 7+1 0.193 + 0.012 46 + 11
NP-PEG-ChBA 158 + 2 161 £ 2 8+1 0.201 + 0.030 29+ 16
NP
N /
1590cm * 1406 cm !
Y
S | NP-PEG
® AVl 1708cm
N
(V]
(8]
€ | NP-PEG-AA
©
s NS /
£ 1595¢cm
7]
£ |NP-PEG-ChBA
L S
- /
\/_- 1619cm !
v(C-H) c=0 C-l\ll 6§(C-H)
| | | | |
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm 1)
Fig. 3. FTIR spectra of organosilica nanoparticles.
N@ sk kok * Kk K
Esoq T T 1 T T T
= ns ns mm NP
-»
, S Em NP-PEG
- NP X 600
= = mEm NP-PEG-AA
5 .g 400 Em NP-PEG-ChBA
-~ =
o S
@ 8
o] : 200
= S
w
= 0-
= 25 37
NP-PEG a 0
Temperature ("C)
. = £ A . Fig. 5. Diffusion coefficients of unmodified nanoparticles, PEGylated nano-
5 15 25 o 35 45 55 particles, and aldehyde-modified nanoparticles measured in water at 25 °C and
206 ( ) 37 °C. Data show the mean =+ standard deviation, where n = 5. Statistical

Fig. 4. XRD patterns of unmodified organosilica nanoparticles and PEGylated
nanoparticles.

(ethylene glycol) maleimide, the carbon content increased markedly
from 19.20% to 40.90%, indicating the successful incorporation of PEG
chains onto the nanoparticle surface. Subsequent Schiff base formation
with anisaldehyde and chlorobenzaldehyde resulted in further increases
in carbon content to 41.07% and 41.12%, respectively. The progressive
increase in carbon content is consistent with the stepwise surface
functionalization of the silica nanoparticles.

X-ray diffraction (XRD) analysis was performed to evaluate the
structural features of the nanoparticles before and after surface modi-
fication (Fig. 4). The XRD pattern of the initial organosilica nano-
particles exhibited two broad diffraction halos centered at 26 ~ 8.8° and
21.4°. The low-angle is attributed to short-range ordering of organic
fragments within the hybrid organosilica network, while the broader
halo at ~21° corresponds to the characteristic amorphous Si-O-Si

significance is indicated as ****p < 0.0001, “ns” denotes no significance.

framework [38]. After PEGylation, two additional reflections appeared
at 20 ~ 19.1° and 23.3°, which are characteristic of semicrystalline PEG
domains formed on the nanoparticle surface [39].

To evaluate the influence of surface modification on nanoparticle
transport in aqueous media, the diffusion behavior of the nanoparticles
was investigated in deionised water using NTA (Table 1). Unmodified
nanoparticles exhibited the highest diffusion coefficients at both 25 °C
and 37 °C, which is consistent with their smaller hydrodynamic size and
the absence of a polymeric shell. PEGylation led to a statistically sig-
nificant decrease in nanoparticle diffusion (p < 0.001). This reduction
can be attributed to an increase in hydrodynamic diameter and the
formation of a hydrated PEG corona, which enhances frictional resis-
tance and slows particle motion in water. In contrast, further surface
modification with aromatic aldehydes did not result in a statistically
significant additional change in diffusion compared to NP-PEG. Diffu-
sion coefficients for all nanoparticle formulations increased at 37 °C
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compared to 25 °C, reflecting enhanced Brownian motion at elevated
temperature [40,41].

3.1. Toxicity

Planaria are aquatic flatworms widely used as model organisms in
pharmacological and toxicological research [42-46]. This is attributed
to their unique responses to external stimuli, high regenerative capacity,
and straightforward maintenance and breeding under laboratory con-
ditions. In this study, the toxicity of nanoparticle suspensions at a con-
centration of 1 mg/mL (NP, NP-PEG, NP-PEG-AA, and NP-PEG-ChBA)
was initially evaluated by incubating Schmidtea mediterranea planaria
with the tested samples for 24, 48, and 72 h. No mortality was observed
at any time point. A 0.1% (w/v) benzalkonium chloride (BAC) solution
was used as a positive control, while artificial pond water (APW) served
as a negative control. Mortality occurred only in the group exposed to
BAC.

Previously, [26] reported the development of a planaria-based
fluorescent toxicity assay as a rapid and cost-effective pre-screening
tool for identifying potential irritants. In the present study, this meth-
odology was used to evaluate the effects of the nanoparticles on the
integrity of the planarian epithelial barrier. The assay involves an initial
exposure of the worms to solutions of the nanoparticles under investi-
gation, followed by exposure to a sodium fluorescein solution. Disrup-
tion of the epithelial barrier results in penetration of the fluorescent dye
into the planarian body. As shown in Fig. 6, exposure to all tested
nanoparticles at 1 mg/mL did not result in a statistically significant in-
crease in fluorescence intensity compared with the APW control (p >
0.05), indicating preservation of epithelial integrity and the absence of
irritant effects for both unmodified and modified nanoparticles. In
contrast, exposure to 0.1% (w/v) BAC, used as a positive control, led to a
marked increase in fluorescence intensity (p < 0.0001), reflecting
epithelial barrier disruption and enhanced dye penetration into
planarian tissues.

APW

NP-PEG

NP-PEG-AA

(a)
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3.2. Antimicrobial activity

The antimicrobial activity of the nanoparticles was assessed using
the broth microdilution method with resazurin as an indicator of bac-
terial metabolic activity. Resazurin undergoes a color change depending
on cell viability: a blue color indicates inhibition of bacterial growth,
whereas a pink color reflects active cell proliferation. In the assay,
mixtures containing 100 pL of nanoparticle suspension (1 mg/mL) and
100 pL of bacterial suspension were prepared, resulting in a final
nanoparticle concentration of 0.5 mg/mL. This corresponded to 29.5 pM
for NP-PEG-ChBA and 21 pM for NP-PEG-AA, based on the content of
Schiff-base functional groups. After incubation, samples containing
nanoparticles modified with aromatic aldehydes exhibited a pro-
nounced blue coloration, indicating effective inhibition of Staphylo-
coccus aureus growth (Fig. 7). PEG-modified nanoparticles produced
only a slight color change. The lack of activity of the unmodified
nanoparticles before their PEGylation is likely due to their aggregation
in the nutrient medium (pH = 6.8) (Fig. 1a), which limits their inter-
action with bacterial cells [19]. The Staphylococcus aureus strain used in
this study was isolated from a human lesion, underscoring the clinical
relevance of the observed antimicrobial effects. Accordingly, mecha-
nisms that reduce microbial load in infection-associated contexts are of
particular importance for the development of therapeutic
nanomaterials.

Further experiments were conducted to quantitatively evaluate the
antimicrobial activity of the nanoparticles using colony-forming unit
(CFU) counts (Fig. 8). The initial bacterial concentration prior to
nanoparticle exposure was 1.6 x 10% CFU/mL. After 6 h of incubation
with the different nanoparticles, bacterial growth was observed in all
samples; however, the extent of growth varied markedly between for-
mulations. In the control samples (untreated Staphylococcus aureus and
PBS dilution), bacterial concentrations reached 4.7 x 10° and 3.8 x 10°
CFU/mL, respectively. A statistically significant (p < 0.05) but modest
reduction in bacterial count was observed in the presence of NP-PEG,
which may be attributed to the antibacterial activity of surface-
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Fig. 6. Fluorescence intensity assay in Schmidtea mediterranea planaria: (a) exemplar fluorescence images (scale bar = 2 mm) and (b) fluorescence intensity values
after 24-h exposure to 0.1% (w/v) solutions of BAC, APW, and 1 mg/mL suspensions of NP, NP-PEG, NP-PEG-AA, and NP-PEG-ChBA. Each experiment was performed
on three individual worms (n = 3). Statistical analysis was conducted using one-way ANOVA; **** p < 0.0001, ns - no statistically significant difference.
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NP-PEG-ChBA || NP-PEG-AA

NP-PEG Amoxicillin

Fig. 7. Images illustrating the evaluation of the antimicrobial activity of NP-PEG-ChBA, NP-PEG-AA, and NP-PEG against Staphylococcus aureus NCTC 10788 using
the serial dilution assay. PBS and amoxicillin were used as negative and positive controls, respectively. Nanoparticles were tested at an initial concentration of 1 mg/

mL, followed by two-fold serial dilutions.
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Fig. 8. Concentration of viable Staphylococcus aureus NCTC 10788 cells (CFU/
mL) after 6 h of incubation at 37 °C in nutrient medium containing PEG-
modified nanoparticles and aldehyde-modified nanoparticles, compared with
controls (S. aureus in nutrient broth and PBS).

ns > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001; one-way ANOVA.

exposed amino groups. In contrast, a substantial reduction in bacterial
counts was detected for nanoparticles modified with aromatic alde-
hydes, with concentrations decreasing to 1.4 x 10® CFU/mL and 5.9 x
10® CFU/mL in the presence of NP-PEG-AA and NP-PEG-ChBA,

respectively. This enhanced antimicrobial activity is likely attributable
to the release of p-anisaldehyde and p-chlorobenzaldehyde from the
corresponding Schiff bases. Both compounds possess well-documented
antibacterial properties [47-49]. The overall increase in bacterial
counts relative to the starting concentration likely reflects that the
nanoparticle concentration used was insufficient to achieve complete
suppression of microbial growth. Many nanoparticle-based and con-
ventional antimicrobial systems do not achieve complete bacterial
eradication under moderate doses and short exposure times. Instead,
they commonly produce 1-3 log CFU reductions, which are not only
statistically significant but also biologically and therapeutically mean-
ingful [50,51]. Such decreases can lower bacterial burden, limit spread,
and improve outcomes when combined with complementary therapeu-
tic strategies.

This is consistent with clinical practice. In an ex vivo burn wound
model, Chen and co-workers [52] reported that Silvadene (1% silver
sulfadiazine) and Flammacerium (1% silver sulfadiazine, 2.2% cerium
hexahydrate) typically achieved ~1-3 log reductions across multiple
pathogens, whereas mupirocin (a topical antibiotic) produced ~3 log
reduction against MRSA (methicillin-resistant Staphylococcus aureus).
Together, these findings underscore that clinically used topical agents
often deliver clinically relevant reductions rather than complete
sterilisation.

4. Conclusion

In this study, bifunctional organosilica nanoparticles bearing thiol
and amine functionalities were synthesized. Subsequent surface modi-
fication with polyethylene glycol and aromatic aldehydes led to the
formation of novel functional nanostructures incorporating Schiff-base
moieties. Physicochemical characterisation confirmed the preservation
of nanoparticle structural integrity and the partial conversion of surface
amine groups into imine linkages. The presence of a PEG shell markedly
enhanced colloidal stability and effectively suppressed nanoparticle
aggregation.

In vivo toxicological studies demonstrated the biocompatibility of
the nanoparticles, as none of the tested formulations (NP, NP-PEG, NP-
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PEG-AA, and NP-PEG-ChBA) disrupted the epithelial integrity of
Schmidtea mediterranea planaria or induced observable signs of toxicity.
These results confirm that PEGylation enhances both the colloidal sta-
bility and biological safety of the nanoparticles in relevant biological
environments. Antimicrobial assessment revealed that nanoparticles
modified with aromatic aldehydes exhibited inhibitory activity against
Staphylococcus aureus NCTC 10788. In contrast, PEG-modified nano-
particles showed only weak antimicrobial activity, while unmodified
nanoparticles displayed no detectable antimicrobial effect, likely due to
aggregation in the nutrient medium.
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