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In this study, we synthesized a magnetic fluorescent silica nanocomposite (MFSNc) using a controlled
modified sol-gel method for sensitive recognition of Staphylococcus aureus (SA) bacteria. The effects of
rhodamine B concentration, Si/Fe ratio, and percentage of cetyltrimethylammonium bromide (CTAB) on
the fluorescence intensity, magnetic saturation, and specific surface area, respectively, were statistically
optimized using the Box—Behnken Design within the framework of response surface methodology (RSM).
This resulted in an optimized value of 5 mg g™, 0.5 g g™, and 3% of rhodamine B concentration, Fe/Si
ratio, and CTAB, respectively. The RSM-optimized MFSNc generated enhanced intrinsic properties, i.e., a
high fluorescence intensity of 566.20 a.u. at 583.97 nm, a magnetic saturation of 16.70 emu g%, and a
specific surface area of 139.45 m? g~X. The MFSNc sample was further modified with vancomycin and
applied as a biosensing platform to detect the presence of SA bacteria. After 25 minutes of incubation
time, the fluorescence intensity obtained before and after SA detection was 42.59 a.u and 4.60 a.u.,
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respectively, obtaining a decrease of intensity (%/ss) Oof 89.20%. A linear relationship between %/,oss and
the SA concentrations from 10° to 108 CFU mL™ was observed with LOD calculated to be 5.08 CFU
mL™. The sensitivity of the RSM-optimized MFSNc in detecting SA bacteria makes it suitable for appli-
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Introduction

Among the many sources of silica, geothermal waste has
shown significant potential for innovative applications in
various fields. Geothermal silica originates from the deposit
that circulates in the piping system of geothermal power
plants. According to previous studies, these deposits consist
mainly of 98.14% silica oxide (SiO,) and other impurities,
such as 0.48% phosphate oxide (P,03), 0.41% potassium oxide
(K,0), and 0.29% calcium oxide (Ca0)." As a result, geother-
mal sludge has excellent potential to be used as a precursor
for the synthesis of silica nanoparticles (SiNPs). It was reported
that geothermal silica can be converted into liquid silica by

“Department of Chemical Engineering, Faculty of Engineering, Universitas Gadjah
Mada, Jalan Grafika No 2, Yogyakarta, 55281, Indonesia

bResearch Center for Chemistry, National Research and Innovation Agency-BRIN,
Building 452, Kawasan B] Habibie, Tangerang Selatan, Banten 15314, Indonesia.
E-mail: siti043@brin.go.id

“Research Center for Pharmaceutical Ingredients and Traditional Medicine, National
Research and Innovation Agency (BRIN), Kawasan Puspiptek, South Tangerang
15134, Indonesia

This journal is © The Royal Society of Chemistry 2025

cations in clinical diagnostics, food safety, and environmental monitoring.

hydrolysis using sodium hydroxide, forming sodium silicate.
When polymerized at a certain pH, sodium silicate generates
SiNPs.* Surface chemistry is a very common method of modify-
ing Si particles with certain functional termini, as it is
regarded as one of the most versatile and reliable shell
materials.

Along these lines, the modification of magnetic nano-
particles (MNPs) with silica has been used for their great
potential application. MNPs are highly responsive to an exter-
nal magnetic field and exhibit a high degree of relaxivity, pos-
sessing a large surface area.” Due to their tendency to aggre-
gate easily,® MNPs are typically coated using non-magnetic
materials, such as silica, in order to prevent such phenom-
ena.” Silica-coated magnetic nanostructures consist of a good
active side; hence, other precursors such as fluorescent agents
can be added. In a previous study, Elmaria et al. investigated
the application of geothermal silica as a coating for magnetic
materials using the sol-gel method.® According to this study,
magnetic silica materials exhibited soft-magnetic properties
with a magnetization strength of 0.54 emu g™,

The bi-functional magnetic and fluorescence properties of a
nanostructured system would greatly facilitate many appli-
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cations in biology and medicine, including protein purifi-
cation,” drug delivery,” therapeutic sensors,’® and bio-
sensors."’ The combination of magnetic and fluorescent
materials gives a “two-in-one” magnetic-fluorescent material
which is achieved by combining magnetic materials, such as
magnetite (Fe;0,), maghemite (y-Fe,Oj3), and hematite (Fe,03),
with fluorescent agents such as organic dyes, quantum dot
semiconductors, and carbon dot materials.'® Previous studies
have utilized geothermal silica to generate silica nanomaterials
incorporated with fluorescent agents as sensitive biosensing
platforms for detecting antibiotic-resistant bacteria. Organic
dyes such as fluorescein isothiocyanate (FITC)-modified silica
have the potential as biosensors for detecting antibiotic-resist-
ant bacteria optically, with a 77% decrease in fluorescence
intensity."> Using geothermal silica modified with an organic
dye rhodamine B, Jenie et al. achieved a 59.3% reduction in
fluorescence when E. coli bacteria were present.’* Rhodamine
B offers high photostability and strong visible emission,
making it a reliable fluorescent probe for optical biosensing
applications.’® While the dual properties may enhance detec-
tion sensitivity in biosensor applications,'® the two properties
could also result in side effects such as decreased fluorescence
emission and magnetic field due to quenching effects.’® A
non-radiative energy transfer process is thought to be respon-
sible for this quenching process due to fluorophore contact
with the magnetic particle surfaces.'”” In this case, silica
coating may hinder the quenching effect by creating a distance
between the magnetic core and the fluorophore molecule.'®
Therefore, optimizing the design of precursors is essential for
developing sensor materials, such as by employing response
surface methodology (RSM) to identify the best conditions for
synthesis and functionalization. An exciting application of
magnetic-fluorescent nanomaterial systems lies in biosensing,
particularly for detecting bacteria and diseases, and in drug
delivery. For instance, Kavruk et al. developed aptamer-gated
mesoporous silica nanocapsules for the targeted delivery of
vancomycin to S. aureus, demonstrating enhanced therapeutic
efficacy through controlled antibiotic release mechanisms."’
In contrast, our approach employs a magnetic-fluorescent
silica nanocomposite (MFSNc) for the direct detection of
S. aureus via the fluorescence method, highlighting their
potential as a rapid and sensitive biosensing platform in food
safety and healthcare applications.

Staphylococcus aureus, commonly known as S. aureus (SA),
is a type of Gram-positive bacteria with a round shape and
arranged irregularly.>® Samani et al. stated that 30% of human
diseases are caused by SA bacteria without showing any symp-
toms.”" The bacteria can cause severe food poisoning, and it
has been identified as the causative agent in many food poi-
soning outbreaks. Detecting SA helps demonstrate post-proces-
sing contamination, which is often due to human contact or
contaminated food-contact surfaces. The detection of SA is
also important for both food and healthcare safety, as it plays
an important role in preventing contamination and preserving
public health. Vancomycin, a glycopeptide antibiotic, specifi-
cally targets Gram-positive bacteria such as SA by binding to
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the p-alanyl-p-alanine terminus of peptidoglycan precursors in
their cell walls.>*> Among other materials, silica nanoparticles
are commonly used for sensors due to their ease of modifi-
cation. Silica-based nanoparticles exhibit a number of advan-
tageous properties, such as being biocompatible, non-toxic,
and thermally stable, which lead to a plethora of applications,
including as absorbents and heterogeneous catalysts.”* In the
past few years, silica nanoparticles have been studied for their
biomedical applications, and as a result, their properties have
been sequentially optimized and functionalized to obtain
desired properties.>** In this case, silica nanoparticles were
modified with vancomycin to detect SA bacteria. A study by
Abdelaziz et al. revealed that vancomycin-conjugated magnetic
nanoparticles exhibit a spherical morphology and a particle
size of 16.3 + 2.6 nm, with a silica layer of 5 nm and a total
coating layer of 8 nm.*” Sifana et al. reported that FITC-modi-
fied geothermal silica nanoparticles (FSiNPs) have the poten-
tial as a biosensor where the vancomycin-conjugated FSiNP
material detected antibiotic-resistant bacteria via fluorescence
quenching with a %l of 77%."2

In this research, silica oxide was obtained from geothermal
silica, where it served as a magnetic coating and a matrix for
fluorescent agents. The precursors used for MFSNc formation
include rhodamine B as a fluorescent agent, iron oxide as the
magnetic core, silica oxide as the shell, and CTAB as a cationic
surfactant agent. Doping fluorescent agents, such as rhoda-
mine B, into various matrices can reduce their toxicity and
enhance their photonic/chemical stability.>® Using CTAB as a
template, a large surface area can be achieved, as it is one of
the most frequently used and well-established methods for
enlarging the pores of mesoporous silica.*?” RSM based on
the Design of Experiments (DoEs) was applied to optimize the
precursor compositions in order to generate the MFSNc with
sufficient magnetic properties and high fluorescence intensity.
Among the primary categories of response surface design, the
Box-Behnken Design (BBD) provides the most accurate predic-
tion of first- and second-order coefficients as it requires fewer
experiments and saves time.*®*° Herein, we evaluate and deter-
mine the optimal composition using a three-level three-factor
RSM-BBD with rhodamine B concentrations, Fe/Si ratio, and
the percentage of CTAB as the independent variables to
achieve the MFSNc with optimized intrinsic properties. The
RSM-optimized MFSNc was then modified with vancomycin
and applied as a biosensing platform for the detection of SA
bacteria. This work introduces a sustainable strategy by utiliz-
ing geothermal silica as a raw material and uniquely integrates
magnetic and fluorescence functionalities into a single nano-
structure optimized via RSM. While geothermal silica has pre-
viously been explored for fluorescence-based bacterial
detection,'>**3° this study is the first to report its use in a
dual-functional magnetic-fluorescent nanocomposite specifi-
cally designed for direct sensing of S. aureus. The resulting
vancomycin-modified MFSNc enables rapid detection of
S. aureus through fluorescence quenching, offering a sensitive
and practical biosensing platform for microbial diagnostics,
contamination monitoring, and biomedical screening.

This journal is © The Royal Society of Chemistry 2025
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Experimental
Materials

The geothermal precipitate was obtained from Geodipa Power
Plant, Central Java, Indonesia, and used as the silica precursor.
Iron(u) sulfate heptahydrate (FeSO,-7H,0), sodium hydroxide
(NaOH), ethanol, and N-hydroxysuccinimide (NHS) were pur-
chased from Merck Chemicals (Darmstadt, Germany).
Phosphate-buffered saline (PBS), rhodamine B (RhB), undecy-
lenic acid, hydrochloric acid (HCl 37%), cetyltrimethyl-
ammonium bromide (CTAB), 1-(3-dimethyl aminopropyl)-3-
ethylcarbodimide (EDC), vancomycin hydrochloride, and
nutrient broth (NB) were purchased from Sigma-Aldrich
(St Louis, MO, USA). Anhydrous iron(u) chloride salt (FeCls)
was purchased from Central Drug House (P) Ltd. SA culture
was provided by the National Research and Innovation Agency,
BRIN. All chemicals were used without further purification,
and the reagents were prepared with deionized water.

Preparation of the MFSNc and design of experiments

At first, the iron core was prepared using the co-precipitation
method. 100 mL of 1.0 M FeSO,-7H,0 and 100 mL of 0.5 M
FeCl; were mixed under stirring. A black solution was pro-
duced immediately by adding NaOH. The obtained precipitate
was aged at 65 °C for 30 min in an ultrasonic water bath. The
samples were then washed repeatedly with deionized water
and ethanol. The particles were then dried at 80 °C overnight.
Then, the synthesis of sodium silicate solution was carried out
following previous works by dissolving 5 g of washed geother-
mal silica in 200 mL of 1.5 N NaOH and mixing for 1 h at
90 °C.**! The solution was then vacuum filtered to remove
impurities and separate the sodium silicate solution. Using an
experimental design with 15 experiments, different amounts
of rhodamine B (1.25, 2.5, and 5 mg g~ ') were added to the
sodium silicate solution and varying quantities of the iron
core (2.5, 5, and 10 g) were added. The addition of 2 N HCI
was carried out dropwise until a gel was formed under acidic
conditions (pH 4-5). The gel was subsequently immersed in
deionized water containing different concentrations of CTAB
(1, 2, and 3%) at room temperature. The aging process was
carried out for 18 hours at room temperature, followed by neu-
tralization with distilled water to neutral pH. The precipitate
obtained was then washed thoroughly with ethanol and de-
ionized water to remove residual CTAB and ensure material
purity and subsequently dried at 100 °C overnight. The fin-
ished product was denoted as the MFSNc.

The synthesis of the MFSNc was optimized through
BBD-RSM design (Design-Expert 8.06 software, Stat-Ease Inc.,
Minneapolis, MN) according to the results of the three-level,
three-factor experiments. The three factors were the concen-
tration of rhodamine B, the ratio of iron oxide and geothermal
silica (Fe/Si), and the concentration of CTAB as independent
variables. The fluorescence intensity, magnetic saturation, and
surface area as dependent variables were the outputs of this
research. A set of 15 experiments was designed for the above-
mentioned optimization (Table S1). Using the BBD-RSM
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design experiment, the three levels were coded as low (—1),
medium (0), and high (+1). Analysis of variance (ANOVA) was
used to evaluate the quality of the fitted model. Different
mathematical models (linear, two-factor interaction (2FI),
quadratic, and cubic) were assessed to determine the best-
fitting model based on their ANOVA descriptions. The model
validation and optimization of the MFSNc nanostructures were
used to determine the best formulation that may produce pure
MFSNc nanoparticles with high fluorescence intensity, mag-
netic saturation, and surface area.

Surface modification of the MFSNc¢

The RSM-optimized MFSNc was further subjected to surface
modification where 1 g of MFSNc was mixed with undecylenic
acid until precipitated. Afterwards, the mixture of materials
was reacted for 24 hours to produce MFSNc-COOH. The
samples were washed with ethanol and distilled water to
remove unbound undecylenic acid and dried at room tempera-
ture. Subsequently, 1 mg of MFSNc-COOH was dispersed in
1 mL of PBS solution and sonicated for 10 minutes. Further
surface modification was carried out using EDC/NHS chem-
istry to activate carboxyl groups for efficient conjugation.*?
10 pL of EDC (10 mg mL™") and 100 pL of NHS (5 mg mL™")
were added to the samples at room temperature for
30 minutes, obtaining the MFSNc-EDC/NHS sample. To ensure
the removal of unbound EDC and NHS, 10 minutes of centrifu-
gation was performed at a speed of 10 000 rpm. Finally, 5 mg
mL™" of vancomycin was added to the MFSNc-EDC/NHS
samples and reacted for 3 hours at room temperature. The
obtained MFSNc-Van material was then washed three times
with water and dispersed in PBS.

Characterization methods

Fourier Transform Infrared (FTIR) characterization was carried
out using an FTIR Prestige-21 (Shimadzu, Japan) in transmit-
tance mode at 16 cm ' resolution over the range of
400-4500 cm™ " with an accumulating average of 10 scans.
X-ray diffraction (XRD) analysis was performed using a
PW1710 diffractometer =~ manufactured by  Phillips
(Netherlands) with CuKa radiation at 40 kV and 30 mA, and a
secondary graphite monochromator was used for the setup.
The magnetic saturation was analyzed using a type 250 vibrat-
ing sample magnetometer (VSM) (Dexing Magnet Ltd, China).
X-ray photoelectron spectroscopy (XPS) analyses were carried
out with a Kratos AXIS Supra Plus (Kratos Analytical,
Manchester, UK) spectrometer using a monochromatic Ag Ko
source (10 mA, 8 kV). A Talos F200X field emission gun-trans-
mission electron microscope (FEG-TEM, Thermo Fisher
Scientific, USA) with an acceleration voltage of 200 kV and an
Energy Dispersive X-ray (EDX) detector of the Super-X type was
used to analyze the morphology of the synthesized MFSNc.
The surface area measurement was performed using the
Brunauer-Emmett-Teller (BET) method with a Tristar II 3020
Micrometrics Instrument (USA) to obtain the specific surface
area at 77.3 K using a liquid nitrogen apparatus after degas-
sing the sample at 110 °C for 6 hours. The optical density (OD)
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of the incubated liquid of the SA culture was determined using
UV-Vis spectroscopy at a wavelength of 625 nm. Fluorescence
intensity measurements were performed using a Cary Eclipse
fluorescence spectrometer (Agilent, Singapore) at an excitation
wavelength of 540 nm and an emission range of 500-750 nm.

Detection of S. aureus bacteria

SA bacteria were grown in nutrient broth (NB) media for
24 hours. A dilution of SA culture was performed to obtain a
concentration of 1.5 x 10° CFU mL™'. To calculate the
McFarland concentration, log calculations were performed to
obtain a concentration of 9.17 CFU mL™" of bacteria. Then, a
total of 1 mL of bacterial culture was dispersed in 900 pL of
PBS and mixed with 100 pL (1 mg mL™") of MFSNc-Van solu-
tion for 1 hour. The mixture was then applied to an external
magnetic field to separate the nanomaterials. After washing
twice, the samples were resuspended in 100 pL of PBS.*

In addition to evaluating the sensor performance against
SA, we also conducted comparative analyses with methicillin-
resistant Staphylococcus aureus (MRSA). The limit of detection
(LOD) was obtained by varying the concentration of SA. First,
SA was detected by calculating the percentage of fluorescence
intensity loss (%I0ss) by subtracting the maximum (/;,ax) inten-
sity and the minimum (I,;,) intensity. The percentage of nor-
malized intensity was calculated using the following equation:

Imax — Imin

% Toss = x 100% (1)

max
where I, and I, represent the maximum fluorescence
intensity of MFSNc-Van before and after detecting SA for
25 minutes of incubation. The measurements were conducted
in triplicate. The standard deviation of three measurement
data to plot the error bars was calculated using the following
equation:

b= /(3 (- 2/ m) @)

where X represents the sum of all data points, x; represents
each data point, ¥ represents the sample mean, and n rep-
resents the number of data points in the sample. Finally, the
LOD was calculated using the following equation:

yLOD =y}, + 3STDy, (3)

where y,, is the mean fluorescence intensity loss measured for
the blank control and STD,, is the standard deviation.**

Results and discussion
Intrinsic properties of the MFSNc

In this work, an MFSNc was synthesized by modifying geother-
mal-based silica oxide with magnetite-type iron oxide as a core
and rhodamine B as a fluorescent agent.>> A geothermal silica
precursor was used in the preparation of magnetic-fluorescent
materials, which affected their physical and chemical pro-
perties. Fig. 1(a) illustrates the formation process of the
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Fig. 1 (a) Schematic diagram of the formation process of the MFSNc
and characteristics of the MFSNc: XRD pattern (b) and FTIR spectrum in
transmittance mode (c).

MFSNCc, and the success of the synthesis was confirmed based
on XRD and FTIR analyses (Fig. 1(b) and (c)).

As illustrated in Fig. 1(b), the XRD pattern of the MFSNc
showed peak broadening at 20 = 20-30°, indicating the pres-
ence of amorphous silica. Other diffraction patterns indicative
of iron oxide in the crystalline mineral phases were observed at
260 = 30.00°, 35.50°, 43.17°, 53.33°, and 63.00° (according to
JCPDS card number 19-0629) in the form of sharp peaks, indi-
cating a crystalline mineral. The crystallinity phase of the
MFSNc material indicates the presence of an amorphous
phase for silica and a crystalline phase for Fe;0,.>> The FTIR
spectra of the MFSNc, as shown in Fig. 1(c), exhibited absorp-
tion at 473 cm™', confirming the Si-O-Fe bond.*®*” The
identification peaks at 807 cm™" and 1074 cm™" corresponded
to the symmetric and asymmetric vibration of siloxane
groups.”’®?” The absorption peaks at 964 cm™" and 1632 cm™*
were attributed to Si-OH bonds from symmetric and asym-
metric vibrations, respectively, of silanol groups bending of
water molecules.''*! The absorbance peaks at 2842 cm™" and
2927 em™" were ascribed to ~-CH,-CH,~ symmetric and asym-
metric vibrations, respectively, of aliphatic groups derived
from the addition of rhodamine B."? Additionally, the broad-
band at around 3400-3650 cm™" was assigned to O-H stretch-
ing derived from the silanol groups and the remaining
absorbed water.""*?

According to the results of XRD and FTIR analyses, the
geothermal-based silica oxide successfully coated iron oxide.
The presence of two types of oxide, e.g., Fe;0, and SiO,, in the
XRD graph indicated the coating of SiO, on the iron core.’®
The presence of functional groups from silica and iron oxide
in the FTIR spectra indicated that Fe;O, and SiO, were bound
covalently.®® The core/shell structure of the nanoparticles was
confirmed in our previous work using Field Emission
Transmission Electron Microscopy (FE-TEM), which revealed
that the nanocomposite is formed with an approximate dia-
meter of 60 nm, with the Fe;0, core measuring around 40 nm.
To confirm batch-to-batch reproducibility, representative TEM

This journal is © The Royal Society of Chemistry 2025
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images of the current MFSNc batch are shown in the SI
(Fig. S1), exhibiting consistent core-shell morphology and par-
ticle size, which is in agreement with previously reported data.

Optimization of the MFSNc

The fabrication of the MFSNc was influenced by several
factors, each potentially requiring significant time for individ-
ual analysis. Consequently, traditional experimental tech-
niques for result analysis appear inefficient and complex.
Therefore, BBD-RSM experiments were used to streamline the
optimization of synthesis conditions. The composition optim-
ization design in the synthesis of the MFSNP material was con-
ducted using the Design of Experiments (DoEs) based on the
number of factors and levels used. This resulted in a three-
level, three-factor DoE, leading to a total of 27 experiments. A
summary was then performed using RSM, allowing 11 to 15
experiments to represent the 27 experiments. The formation of
the MFSNP material utilized the BBD application on RSM for
optimization. The composition formulation using RSM aimed
to find the appropriate approach to connect the response func-
tion with the intended factor variables. The dependent results
were analyzed to evaluate the fluorescence intensity, magnetic
saturation, and surface area. Table 1 presents the experimental
results’ response to the calculated results of the selected math-
ematical model equations. This study identified the best-fit
equations for the fluorescence intensity, magnetic saturation,
and surface area based on BBD-RSM optimization as follows:

Fluorescence intensity =96.88 + 61.86 RhB
— 64.30Fe/Si — 15.91 CTAB

(4)

Magnetic saturation =7.75 — 3.11 RhB + 3.63 Fe/Si
— 1.47 Fe/Si — 1.64 RhB Fe/Si
+ 3.77 RhB CTAB + 0.08 Fe/Si CTAB
+6.93 CTAB? — 1.76 Fe/Si> + 2.51 CTAB?

(5)
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Surface area =123.67 + 17.70 RhB — 65.86 Fe/Si
— 82.50 CTAB + 30.00 RhB Fe//Si
+ 28.41 RhB CTAB — 93.15 Fe/Si CTAB

(6)

Eqn (4) illustrates a linear correlation for fluorescence
intensity, with a positive RhB coefficient value of 61.86, indi-
cating that the rhodamine B concentration is the main factor
influencing fluorescence intensity. Eqn (5) and (6), which are
quadratic, best describe the data related to the magnetic satur-
ation and surface area, respectively. According to eqn (5), the
dominant factor affecting magnetic strength is the Fe/Si ratio,
followed by the interaction between rhodamine B concen-
tration and CTAB concentration, as well as the squared concen-
trations of both. Eqn (6) reveals that the primary factor influen-
cing the surface area is rhodamine B concentration, followed
by the interaction between the Fe/Si ratio and rhodamine B
concentration. The negative signs in eqn (4-6) indicate an
inverse relationship between the corresponding factor levels
and the response levels.*'

The primary factors influencing this response were ana-
lyzed using a three-dimensional graph against the level of con-
fidence (desirability), as shown in Fig. 2. According to Fig. 2A
(a), CTAB did not significantly reduce the fluorescence inten-
sity. Instead, the fluorescence intensity was primarily affected
by the concentration of rhodamine B, followed by the Fe/Si
ratio. Fig. 2A(b) shows that the Fe/Si ratio impacted the
increase in magnetic saturation. Additionally, the Fe/Si ratio
and CTAB percentage also influenced the surface area, as illus-
trated in Fig. 2A(c). Contour plots for each factor are presented
in Fig. S2-S10. The RSM results in the synthesis of the MFSNc
produced a nanocomposite with optimized fluorescence inten-
sity, magnetic strength, and surface area. Based on the ANOVA,
the optimal factors for all responses (i.e., fluorescence inten-
sity, magnetic saturation, and surface area) were identified. To
ensure that the polynomial equation derived from the ANOVA

Table 1 The three-level three-factor composite design with respect to the concentration of rhodamine B, the quantity of Fe/Si, and the percentage
of CTAB, as well as the actual and predicted values of the response variables (i.e., fluorescence intensity, magnetic saturation, and surface area)

Factor FL intensity (a.u.) Ms (emu g ) Surface area (m”> g™ ")
Run # Sample code RhB (mg g™ ") Fe/Si (g) CTAB (%) Actual Predicted Actual Predicted Actual Predicted
1 MFSNc-A 5 2 2 48.98 94.44 11.41 12.09 182.75 193.33
2 MFSNc-B 1.25 0.5 2 28.60 99.31 14.48 12.83 277.22 289.64
3 MFSNc-C 2.5 0.5 1 206.96 156.47 5.69 8.96 202.98 126.68
4 MFSNc-D 5 1 3 108.84 164.26 16.32 15.04 154.58 170.32
5 MFSNc-E 5 1 1 276.44 196.08 9.21 10.81 250.42 216.41
6 MFSNc-F 5 0.5 1 116.00 238.95 10.83 7.93 103.66 164.33
7 MFSNc-G 1.25 1 3 32.52 40.53 12.25 13.53 113.85 98.11
8 MFSNc-H 5 1 2 120.12 180.17 13.12 10.73 277.46 255.01
9 MFSNc-1 2.5 1 1 90.14 113.60 16.21 12.83 100.71 152.08
10 MFSNc-] 2.5 0.5 2 140.83 140.55 7.32 4.30 155.76 189.51
11 MFSNc-K 2.5 2 1 36.07 27.87 16.87 17.05 169.08 161.26
12 MFSNc-L 5 0.5 2 381.76 223.04 3.99 8.29 295.57 265.04
13 MFSNc-M 1.25 1 1 16.29 72.36 23.14 24.37 251.73 257.82
14 MFSNc-N 2.5 1 2 196.59 97.69 4.79 7.73 153.81 152.81
15 MFSNc-O 1.25 2 2 15.90 —29.28 21.95 21.09 100.69 97.92

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Response surfaces (A) and plots of residuals (B) for each factor depicting the effect of the amount of (a) fluorescence intensity, (b) magnetic

saturation, and (c) surface area.

data is reliable, further diagnostic testing is necessary. This
diagnostic testing involves a normality plot graph, which com-
pares the expected response to the actual response using a
mathematical equation.

Fig. 2B confirms that the residuals for all factors (i.e., fluo-
rescence intensity, magnetic saturation, and surface area)
follow a linear distribution on the normal plot graph.
Consequently, the polynomial regression equations generated
from the ANOVA data are deemed acceptable for predicting the
optimal response for all mentioned factors.

The optimized conditions for the rhodamine B concen-
tration, Fe/Si ratio, and CTAB concentration were determined to
be 5 mg g7, 0.5 g g7, and 3%, respectively. Simultaneous
optimization using RSM was employed to achieve the optimized
formulation of the MFSNc based on multiple response variables.
The optimized formulation should maximize the fluorescence
intensity, magnetic saturation, and surface area. The responses
of each parameter were calculated using their respective math-
ematical equations and concurrently predicted using Design
Expert 8.0.6 software. One solution for the optimal conditions
was generated using the software, as shown in Table 2.

The experiment results for the RSM optimum, compared
with the sample data for MFSNc-F, which had the same Fe/Si

ratio and rhodamine B concentration, are shown in Fig. 3. The
MFSNc was designed to exhibit excellent fluorescence and
magnetic properties as nanocomposites. Fig. 3(a) shows that
the maximum fluorescence intensity emission occurred at
583.79 nm with an excitation wavelength of 545 nm. The opti-
mized MFSNc exhibited a fluorescence intensity 5 times
higher than that of MFSNc-F. The magnetic saturation of both
MFSNc samples was analyzed using a conventional magnetic
hysteresis loop, as shown in Fig. 3(b). The optimized MFSNc
demonstrated stronger magnetization than MFSNc-F, with a
value of 16.70 emu g~ and a loop area of 0.20 kOe. It also dis-
played a small curve region (Hc), confirming the material’s
soft-ferromagnetic nature.’”** This behavior is further sup-
ported by XPS analysis (Fig. S11), which identifies multiple
iron oxide phases, including Fe;0,, that play a key role in con-
tributing to the nanocomposite’s magnetic properties. The
surface area properties of the optimized MFSNc and MFSNc-F
were analyzed using a surface area analyzer. Fig. 3(c) presents
the nitrogen adsorption-desorption isotherm of both the opti-
mized MFSNc and MFSNc-F, with their profiles identified as
type IV adsorption with an H3 hysteresis loop.>”** The specific
surface areas of the optimized MFSNc and MFSNc-F were
139.45 m> ¢ " and 103.66 m”> g~ respectively. The optimal

Table 2 Experimental and predicted results for model validation conducted under the optimum conditions suggested by RSM

Sample RhB (mgg™") Fe/Si(gg ") CTAB (%) FL intensity (a.u.) Ms(emug™) Surface area (m®g™") Desirability
Optimized 5 0.5 3 566.20 16.70 139.45 0.548 Selected
MFSNc-F 5 0.5 1 116.00 10.83 103.66 N/A Experimental
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results from the optimized MFSNc were suitable for achieving
high fluorescence intensity and magnetization. Subsequently,
the optimized MFSNc was employed for surface modification
with the antibiotic vancomycin to facilitate bacterial detection.

Surface modification of the MFSNc

The RSM-optimized MFSNc was subjected to surface modifi-
cation, as shown in Fig. 4(a), with the success of the process
validated through FTIR analysis. Fig. 4(b) shows the results of
FTIR analysis on each sample in the process of surface modifi-
cation of the MFSNc material prior to conjugation with vanco-
mycin. Overall, the FTIR spectra of the MFSNc samples, the
carboxyl-modified MFSNc (MFSNc-COOH), the succinimidyl
ester-modified MFSNc (MFSNc-EDC/NHS), and the vancomy-
cin-modified MFSNc (MFSNc-Van), show peaks corresponding
to the functional groups of Fe-0, siloxy (Si-O-), and Si-O-Si at
wavenumbers of 545 cm™", 796 cm ™', and 1074 cm™", respect-
ively. This result is in agreement with a previous study.*”

The undecylenic acid-modified surface, shown as the spec-
trum of MFSNc-COOH, showed the appearance of peaks at
wavenumbers of 1643 cm™" and 874 cm™*, indicating the C=0

This journal is © The Royal Society of Chemistry 2025

stretching bond from the interaction between silica in the
MFSNc and the C=O0 bond in the carboxylic acid. The addition
of aliphatic groups originating from undecylenic acid is also
seen from the peak at 2927 cm™, which corresponds to the
presence of an alkyl CH; group.®® After the EDC/NHS reaction,
the spectrum of MFSNc-EDC/NHS showed a prominent peak at
a wavenumber of 1643 cm™" due to the addition of carboxyl
groups and the disappearance of the peak at 874 cm™" due to
the change of carboxylic acid to succinimidyl ester by the EDC/
NHS activator. The broadening of the peak at around
2900-3600 cm ™" was plausible due to the overlap between the
regions with a stretching C-H bond from the CH; group
(-CH3-CH,-) and that of the ~OH hydroxyl group. The vanco-
mycin was covalently bound to the MFSNc surface through an
amination reaction, which was confirmed by changes in the
transmittance peaks in amide groups I and II at wavenumbers
of 1500-1640 cm ™" and 3400 cm ™", respectively.'*°

Detection of S. aureus bacteria

MFSNc-Van was observed for its analytical performance as
an optical biosensing platform based on changes in the fluo-

Nanoscale, 2025,17, 27495-27505 | 27501
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rescence intensity of the material in the absence and pres-
ence of SA bacteria. MFSNc-Van remained stable in PBS for
at least 48 hours, with no obvious aggregation or sedimen-
tation, indicating adequate colloidal stability for biosensing
applications. The fluorescence intensity of MFSNc-Van was
observed in the wavelength range of 550-750 nm at 545 nm
excitation.”>** The nanocomposites serve as an active
surface for vancomycin, enhancing its specificity and allow-
ing efficient bacterial capture. Fig. 5 shows a decrease in the
maximum fluorescence intensity of MFSNc-Van at a wave-
length of 580 nm after incubation with SA. The initial fluo-
rescence intensity of MFSNc-Van was 42.59 a.u. Upon
exposure to SA, the fluorescence intensity of MFSNc-Van
decreased significantly to 4.60 a.u. The percentage fluo-
rescence intensity loss (%I,ss) that occurred in the MFSNc-
Van material was 89.20% after a reaction time of 1 hour. The
fluorescence quenching indicates that there is an interaction
between the nucleobase of the SA bacterial cell wall and the
fluorescent substance. Previous research found that when a
substance that has an electron donor excites its electrons
and is captured by an acceptor, quenching will occur due to
FRET.*>** FRET is another quenching mechanism that
occurs when two fluorophores are in close proximity (typi-
cally <10 nm apart). In our context, the magnetic silica nano-
particle is attached to a fluorophore. If a bacterial target
binds to the nanoparticle, the distance between the fluoro-
phore and the bacterial surface changes. FRET occurs when
the bacterial binding brings another fluorophore (e.g., a
quencher) within close proximity. As a result of the energy
transfer between the excited fluorophore and the quencher,
the intensity of fluorescence is reduced. Researchers have
exploited this phenomenon for biosensing and bacterial
detection.*®*’

The selectivity of MFSNc-Van was observed by detecting
other bacteria as a comparison. The observed fluorescence
intensity loss when detecting MRSA (methicillin-resistant
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Staphylococcus aureus) was lower compared to SA, providing
valuable insights into the selectivity (Fig. S12). MRSA strains
are particularly concerning due to their resistance to methi-
cillin and other beta-lactam antibiotics. The larger intensity
loss in SA suggests that the detection system of MFSNc-Van
is more susceptible to SA. The analytical performance of
MFSNc-Van in detecting SA bacteria was further investigated.
The optimum detection response time was determined by
varying the incubation time at a constant concentration of
5 mg mL™" of vancomycin on the MFSNc surface. The detec-
tion response time is critical in practical applications as it
determines how quickly MFSNc-Van can identify the targets.
The %I, value increased from 0 to 35 minutes of incu-
bation (Fig. S13). At 25 minutes of incubation time, the

This journal is © The Royal Society of Chemistry 2025
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made in triplicate.

intensity loss reached its highest value. The initial increase
in intensity loss suggests that MFSNc-Van efficiently cap-
tured the bacteria during the first 25 minutes. The highest
intensity loss at 25 minutes indicates the optimal binding of
SA bacteria to MFSNc-Van. Vancomycin exhibits high speci-
ficity = toward  Gram-positive  bacteria,  particularly
Staphylococcus spp., by binding to p-Ala-p-Ala motifs in their
peptidoglycan cell walls.*® Future designs may include other
targeting ligands to enable the selective detection of bacteria
with diverse cell wall architectures, such as Gram-negative
bacteria.

To determine the sensitivity and LOD value of MFSNc-Van
as a biosensing platform, the concentration of SA was varied,
ranging from 10° to 10° CFU mL™'. Using the optimum

View Article Online
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25 minutes incubation time, the %I,s value at 580 nm was
observed for each SA concentration. Fig. 6 shows that the %
Iioss value of MFSNc-Van increases linearly with increasing SA
concentrations. The highest %I,,ss value observed was 48.12%
at a concentration of 10° CFU mL™", whereas the lowest %I,
was 8.96% at a concentration of 10° CFU mL ™" SA against the
control. The linear regression equation is y = 4.9102 log C +
8.6562, with a correlation coefficient of 0.9704, where y rep-
resents the fluorescence intensity of the biosensor and C rep-
resents the logarithmic concentration of SA (CFU mL™"). The
LOD was calculated using eqn (3). Based on a mean %I, of 0
for the blank control and a standard deviation (STDb) of 4.04,
the LOD was determined to be 5.08 CFU mL™", representing
the lowest reliably detectable concentration of SA within the
linear range of 10°-10° CFU mL™'. Overall, these results
demonstrate that the MFSNc-Van system offers a highly sensi-
tive and rapid platform for detecting S. aureus, with a strong
performance under controlled conditions. A comparison with
previously reported methods, summarized in Table 3, high-
lights its competitive advantages in terms of detection limit
and incubation time. Moreover, using geothermal silica as a
precursor turns industrial waste into useful materials for bio-
sensing applications, providing a sustainable and profitable
method.®® Building on these promising results, future work
will focus on extending the application of this biosensor to
complex sample matrices such as food extracts and clinical
fluids. This will enable further validation of its robustness and
practical utility in real-world diagnostic and monitoring scen-
arios. In parallel, comprehensive biocompatibility assess-
ments, including cytotoxicity studies, residual surfactant
quantification, and dye stability evaluation in aqueous media,
will be conducted to ensure its safe application in biological
and clinical settings.

Table 3 Comparison of different methods for the detection of S. aureus bacteria

Incubation time LOD (CFU
Methods Material (min) mL™") Ref.
Electrochemistry Apt-AgNPs* 30 1 49
Luminescence Multicolor UCNPs” 30 25 50
Colorimetric Au-based aptasensor 45 9 51
Fluorescence Apt-chimera-MB® 80 39 52
Fluorescence MB-apt-cDNA? 40 1.7 53
Fluorescence Fe;0,/CD aptasensor 30 8 54
Electrochemistry Apt/SPCE/AuNPs” 60 0.2 55
Nucleic acid amplification Functionalized MBs and guide RNA 40 10 56
targeting®

Dual-mode electrochemistry and CRISPR/Cas12a system 60 5.7 and 133.7 57
fluorescence

Electrochemiluminescence DL-MOFs" 180 2 58
Electrochemistry Apt/Pt/C-ZIF-8' 28 2 59
Fluorescence MFSNc-Van 25 5.08 This

work

“ Apt-AgNPs: aptamer-conjugated silver nanoparticles. Multlcolor UCNPs: multicolor up-conversion nanoparticles. CApt -chimera-MB: functional
chimera aptamer and molecular beacon-based sensor. ? MB-apt-cDNA: aptamer-cDNA-conjugated magnetic beads. ®Fe;0,/CD aptasensor: self-

assembled iron oxide and carbon dot nanomaterial-based aptasensor. £ Apt/SPCE/AuNPs: aptamer-modified gold nanoparticles integrated into
screen-printed carbon electrodes. ¢ Functlonahzed MBs and guide RNA targeting: magnetic beads functionalized with SA-specific antibodies and
a CRISPR/Cas12a system as guide RNA. " DL-MOFs: dual-ligand metal-organic frameworks. ’ Apt/Pt/C-ZIF-8: aptamer-based ZIF8-derived carbon
decorated with platinum nanoparticle hybrids.

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 27495-27505 | 27503
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Conclusions

This study successfully developed a magnetic fluorescent
nanosensor using modified sustainable silica from geothermal
sources for the sensitive detection of SA bacteria. The MFSNc
was synthesized using the sol-gel method, with sustainable
silica as the precursor, an iron oxide core, and rhodamine B as
a fluorescent dye. The optimization of MFSNc synthesis was
achieved using the Box-Behnken Design Response Surface
Methodology (BBD-RSM). The use of rhodamine B, Fe/Si, and
CTAB influenced the fluorescence intensity, magnetic satur-
ation, and surface area of the MFSNc material. RSM identified
the optimal composition as 0.5 g g~' Fe/Si, 3% CTAB, and
5 mg g~' rhodamine B. Validation experiments confirmed the
RSM predictions, resulting in a nanocomposite with a
maximum fluorescence intensity of 566.20 a.u., a magnetic sat-
uration of 16.70 emu g ', and a specific surface area of
139.45 m> g~

The RSM-optimized MFSNc was further modified with van-
comycin and used as a biosensing platform. A linear corre-
lation between the %I, value of MFSNc-Van and SA concen-
tration was observed in the range of 10°-10° CFU mL ™, with a
limit of detection as low as 5.08 CFU mL™" and an incubation
time of 25 minutes. This study underscores the design and
synthesis of a bifunctional magnetic-fluorescent iron oxide
silica core/shell nanocomposite, highlighting its potential
applications in clinical diagnostics, food safety, and monitor-
ing environmental samples for SA contamination.
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