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Surface-Enhanced Raman Detection of Low-Concentration Methylene Blue Using
Nanoparticles Functionalized with 12-Mercaptododecanoic Acid

The development of sensitive and magnetically recoverable SERS substrates is of interest for the detection of
organic pollutants at low concentrations. In this study, Fe;0,-CA@Au-12-MDA nanoparticles were synthe-
sized for use as a SERS substrate in the detection of methylene blue dye within a concentration range of 10%-
107 M. The Fes0, magnetic nanoparticles were modified with citric acid, followed by gold deposition and
surface functionalization with 12-mercapto-dodecanoic acid. The stepwise modification of the nanoparticles
was confirmed by FTIR, SEM-EDX and XRD, which revealed the presence of Au and organic functional
groups whilst preserving the crystalline structure of Fe;0,4. The Fe;0,-CA@Au-12-MDA-based SERS sub-
strate exhibited signal enhancement compared to conventional Raman spectroscopy. For the characteristic
bands at 1623 and 1396 cm, the approximate EF values reached 0.11x10° and 0.15x10°, respectively, corre-
sponding to 5.95- and 5.40 times signal enhancement. The estimated LOD values calculated using the 3o cri-
terion were 4.05x10® and 5.97x10® M for the respective bands. The calibration curves demonstrated good
linearity with R? values of 0.94-0.99 for SERS measurements. The results obtained demonstrate the potential
of Fe;04-CA@Au-12-MDA nanoparticles a magnetic SERS platform for the detection of low concentrations
of organic dyes.

Keywords: SERS, detection, methylene blue, gold nanoparticles, functionalization, 12-mercaptododecanoic
acid, magnetic nanoparticles, Fe;O,4, Raman spectroscopy, limit of detection.

Introduction

Detection of organic dye molecules at low concentrations is of great importance for environmental
monitoring, industrial process control, and analytical chemistry. Synthetic dyes are widely used in various
industries, including textile, pharmaceutical, and chemical manufacturing, resulting in their frequent release
into aquatic ecosystems. Even at low concentrations, these compounds may persist in the environment and
serve as indicators of anthropogenic pollution [1-3].

Among various analytical methods Surface-Enhanced Raman Scattering (SERS) has attracted consider-
able attention due to its ability to provide highly sensitive and molecule-specific detection through vibration-
al «fingerprinty signals [4, 5]. Compared with conventional analytical techniques, SERS offers rapid analysis
with minimal sample preparation and low operational costs, making it a promising tool for trace detection of
organic compounds. Typically, SERS detection involves substrate fabrication, analyte deposition (drop-
casting or solution mixing), and signal calibration based on characteristic Raman bands of the target mole-
cule [6-11].

Methylene blue (MB) is widely used as a model analyte in SERS studies due to its well-defined Raman
spectrum, chemical stability, and strong affinity toward metallic surfaces [8, 9, 12]. In ecology applications,
MB is commonly employed as a model pollutant for evaluating water purification processes and monitoring
degradation efficiency in photocatalytic and oxidation systems [13, 14]. Beyond environmental analysis,
SERS-based detection of MB has also been investigated in food safety applications, including the analysis of
dye residues in biological tissues, as well as in the development of ultrasensitive sensing platforms based on
advanced nanomaterials [15-17]. Therefore, reliable detection of methylene blue at low concentrations is not
only of analytical interest but also important for evaluating the signal enhancement efficiency of newly de-
veloped nanostructured Raman substrates [18, 19].

Over the past decade, various nanostructured materials have been investigated as SERS substrates.
Among them, noble metal-based systems, including gold and silver nanoparticles [15, 16], nanorods, and
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nanoporous films [20], are the most widely used due to their strong plasmonic properties. In addition, hybrid
structures such as metal-semiconductor composites [21-23] including, Au/Cu,O u Ag/ZnO systems, as well
as porous and three-dimensional architectures based on graphene foams, silicon photonic crystals, and nan-
owires, have demonstrated enhanced sensitivity owing to the increased density of electromagnetic «hot
spots» [23-25]. More recently, emerging materials such as two-dimensional MXenes and MoS-based
heterostructures [26, 27], together with flexible polymeric and paper-based substrates [17, 28], have further
expanded the practical applicability of SERS-platforms.

These developments have enabled progressively lower detection limits. For example, silver nanowire-
based substrates demonstrated detection capabilities down to 10™*° M [29], whereas various hybrid and po-
rous systems typically operate within the range 10°-10* M [24, 30]. Other platforms, including paper-based
substrates and metal oxide composites, generally achieve detection limits in the ranges 10°-10"° M [17, 22].
Despite these advances, a trade-off often exists between sensitivity, reproducibility, structural complexity,
and fabrication simplicity. Advanced architectures, including three-dimensional and lithographically pat-
terned nanostructures, provide high structural precision and reproducibility but frequently require technolog-
ically complex fabrication procedures [31, 32].

In recent years, FeO-based and Fe;O4/Au hybrid nanostructures have attracted attention as magnetic
SERS substrates due to the combination of magnetic properties and plasmonic signal enhancement [33-36].
Several studies demonstrated successful SERS detection of rhodamine dyes and other probe molecules using
Fe;04-containing composites and Fe;O4/Au systems. For example, Fes0,@Au NPs have superior SERS sen-
sitivity for rhodamine and crystal violet with a detection limit of 10" M [34], magnetically assembled
Fe;0,@SiO,@Au structures enabled ultrasensitive detection of rhodamine B and methylene blue down to 1
fM, while Fe;04/Au liquid SERS systems demonstrated enhancement factors (EF) in the range of 10*-10’
depending on Au:FesO, ratio and external magnetic field conditions[36]. In addition to substrate design,
analyte adsorption efficiency plays a critical role in SERS performance. Interactions between target mole-
cules and the substrate surface directly influence signal intensity, particularly at low concentrations [37, 38].
However, insufficient surface affinity remains a limiting factor for reliable detection in many nanoparticle-
based systems. Detailed analyses describing the influence of analyte orientation, surface chemistry, and con-
centration on SERS intensity have been reported previously [39-41]. To address these challenges, surface
functionalization strategies aimed at improving analyte localization and signal reproducibility are increasing-
ly being explored [42]. In this context, thiol- and carboxyl-containing ligands represent a promising approach
due to their affinity toward metallic surfaces and their ability to introduce functional groups promoting inter-
actions with target molecules [43-46].

In this work, magnetic Fe;O4 nanoparticles were functionalized with citric acid followed by gold depo-
sition and subsequent surface modification with 12-mercaptododecanoic acid (12-MDA) to obtain a magnet-
ic SERS-substrate for MB detection. The presence of Au nanostructures and surface carboxyl groups con-
tributed to enhanced Raman signal intensity and improved localization of methylene blue molecules in
SERS-regions. The developed substrate enabled MB detection in the concentration range of 102-10" M us-
ing a simple nanoparticle-based approach.

Experimental

Reagents: isopropyl alcohol, iron(ll) chloride tetrahydrate, iron(lll) chloride hexahydrate, hydrogen
tetrachloroaurate(ll) trinydrate, 12-mercaptododecanoic acid (12-MDA) were purchased from Sigma-
Aldrich. Sodium hydroxide, hydrochloric acid (HCI), citric acid (CA), sodium citrate, ammonia, and ethanol
were of analytical grade. Deionized water (18.2 MQ) was prepared using the Akvilon-D 301 (Akvilon JSC,
Podolsk, Russian Federation) system.

Preparation of Fe;s0,-CA@AU nanoparticles was carried out according to the procedure reported in our
previous work [47]. The modification scheme is presented in Figure 1.
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Figure 1. Schematic illustration of the preparation of Fe;0,-CA@Au 12-MDA nanoparticles

Preparation of Magnetite Fe;O, Nanoparticles

Fes04 nanoparticles were synthesized by chemical co-precipitation from aqueous solutions of iron(lIl)
chloride tetrahydrate FeCl,-4H,0 (9.95 g) and iron(lI1l) chloride hexahydrate FeCl;-6H,0 (27.05 g) at a mo-
lar ratio of Fe**:Fe?*=2:1. The synthesis was carried out in acidic medium by adding 11.8 mL of 35 % hydro-
chloric acid to prevent premature hydrolysis and oxidation of ions Fe*". The reaction mixture was prepared in
100 mL of deionized water and gradually heated to 60 °C, under continuous blending. Nanoparticle precipi-
tation was achieved by adding aqueous ammonia solution under intensive stirring until alkaline conditions
were reached without heating. After reaching alkaline pH, the reaction mixture was heated at 80-85 °C for 2
h under argon atmosphere. Under these conditions, intermediate iron hydroxide species formed and subse-
guently transformed into magnetite.

The obtained magnetic nanoparticles were separated using an external magnet and repeatedly washed
with deionized water 5-6 times until neutral pH to remove residual ions and by-products. The nanoparticles
were additionally washed with ethanol and dried at 60 °C for 1h.

Citric Acid Functionalization of Magnetite Fe;0, Nanoparticles and Subsequent Gold Deposition

At the first stage, 2 g Fe;O4 nanoparticles were dispersed in 50 mL of deionized water for 15 min using
ultrasonication (operating frequency 20-25 kHz, 80 % amplitude, ultrasonic power 900 W). The dispersed
nanoparticles were then added to an aqueous citric acid solution 0.1 g/mL and blended at 80 °C and 350 rpm
for 3 h. During this process, citric acid is adsorbed onto the Fe;O,4 surface through coordination of its carbox-
ylate groups with surface Fe sites. This surface functionalization preserves the crystal structure of magnetite
while exposing free carboxyl groups that improve colloidal stability and provide anchoring sites for subse-
guent gold deposition. As a result, the FesO, surface was functionalized with citrate molecules, exposing
terminal carboxyl groups that facilitate the adsorption of Au®* ions and subsequent gold deposition.

After modification, the nanoparticles were separated using a magnet, thoroughly washed with deionized
water 3-5 times, and air-dried. Subsequently, 1 g of citric acid-modified nanoparticles was dispersed in 0.1 %
aqueous solution of hydrogen tetrachloroaurate(111) trihydrate, where Au®" ions interacted with functional
groups on the nanoparticle surface.

Reduction of gold ions was performed by adding sodium citrate under heating at 60-70 °C followed by
aging of the reaction mixture for several hours. As a result, nanoparticles Fe;0,-CA@Au were formed. The
obtained composite particles were separated magnetically, washed with diluted hydrochloric acid and deion-
ized water to remove unbound components, and dried at 60 °C.
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Modification of Nanoparticles Fe;O4-CA@Au with 12-MDA.

The obtained nanoparticles 0.1 g Fe30,-CA@Au were surface-modified using 12-MDA. For this pur-
pose, the nanoparticles were dispersed in a 0.1 mM 12-MDA, solution prepared in isopropanol (IPA) and
stirred at room temperature for 12 h. After completion of the reaction, the nanoparticles were separated using
an external magnetic field and repeatedly washed with IPA to remove unbound ligand molecules and residu-
al reagents. As a result, organically modified Fe;O,-CA@Au 12-MDA nanoparticles containing surface car-
boxyl groups were obtained.

Characterization of Samples

Characterization of the obtained nanoparticles was performed at each modification stage: Fe3O,4, Fe304-
CA@Au u Fe;0,-CA@Au-12-MDA. The presence of functional groups on the nanoparticle surface was in-
vestigated using Fourier-transform infrared spectroscopy (FTIR) on an InfraLUM FT-08 spectrometer
(Lumex, Russia).

The phase composition of the samples was analyzed by X-ray diffraction (XRD) using a SmartLab
diffractometer (Rigaku Corporation, Japan).

Morphology and microstructure of the nanoparticles were studied by scanning electron microscopy
(SEM), while elemental composition at different modification stages was determined using energy-
dispersive X-ray spectroscopy (EDX) on a Hitachi TM 3030 instrument (Hitachi, Japan).

SERS Detection

The obtained Fe;04,-CA@Au 12-MDA nanoparticles were used for detection of the model dye MB us-
ing an EnSpectr R532 Enhanced Spectrometry. The detection scheme is presented in Figure 2. Silicon sub-
strates were used for deposition of both the dye and nanoparticles. Raman spectra were recorded in the range
of 2000-1000 cm™ using laser power values of 28-32, an exposure time of 2000, and 25 scans. Each meas-
urement was performed in triplicate. The calibration curves were constructed using the mean intensity val-
ues, and the error bars represent the standard deviation of three independent measurements. The dye concen-
tration range was

102-10"" M. The main calibration peaks corresponded to signals at 1625 and 1396 cm™ associated with
aromatic vibrations of MB. For the EF calculation, the concentrations of MB used for the SERS and conven-

tional Raman measurements were C..o =107 M and C =107 M, respectively. The SERS enhancement
factor (EF) was calculated according to Equation (1):

Raman

EF — ISERS /CSERS (1)
| /C

Raman Raman

where | and | — the intensities of characteristic bands in SERS and conventional Raman spectra,

Raman
respectively, Cyrs and C,.., — are the corresponding analyte concentrations. Physically, this concentra-

tion-normalized ratio provides an estimate of the Raman signal enhancement relative to the analyte concen-
tration and is primarily associated with the electromagnetic enhancement mechanism arising from localized
surface plasmon resonance (LSPR) in the Au-containing nanostructures. Since the exact number of mole-
cules contributing to the SERS signal and the effective surface area of the SERS-active regions were not in-
dependently determined, this approach provides an approximate, order-of-magnitude estimation of the EF
rather than an absolute value. Therefore, the calculated EF values are used primarily for comparative evalua-
tion of the SERS enhancement performance of the developed substrate.
The limit of detection (LOD) was estimated using the 3o criterion according to Equation (2):
LOD = %G 2

where ¢ — is the standard deviation of three independent measurements at the lowest experimentally tested
MB concentration (10”7 M), S — is the slope of the corresponding calibration curve. The LOD was estimated
separately for the characteristic MB bands at 1623 cm™ and 1396 cm™.
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Figure 2. Application of nanoparticles Fe;04-CA@Au 12-MDA as a SERS-substrate
for low-concentration detection of MB

Results and Discussion

Nanoparticles before and after modification were investigated by FTIR, SEM-EDX and XRD to evalu-
ate changes in structure, composition, and morphology during the formation of the SERS-substrate.

FTIR analysis was used to confirm modification of Fe;O4 nanoparticles with citric acid, subsequent gold
deposition, and surface functionalization with 12-MDA. The spectra are presented in Figure 3. FTIR spectra
of pristine nanoparticles Fe;O, exhibited characteristic bands corresponding to vibrations Fe-O at 532 cm™,
as well Fe-OH at region 3000-3600 cm™. In the spectra of samples Fe;0,-CA@Au COO™ group vibrations
appeared at 1540 cm™ and 1600 cm™ and at region 2500-3600 cm™ -OH groups. For Fe;0,-CA@Au-12-
MDA additional peaks corresponding to C=O groups at 1700 cm™, as well as symmetric and asymmetric -
CH stretching vibrations of the long-chain hydrocarbon fragment of 12-MDA at 2845 cm™ and 2912 cm™.

:(Fe-O —— Fe;0,-CA@AuU-12-MDA
: — Fe;0,-CA@AuU
— Fe;0,

C(=0)-O (CA, 12-MDA)

-CH (12-MDA)
\ /C:O (12-MDA) A

Absorbance, a.u.
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Figures 3. FTIR spectra of nanoparticles before and after modification

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 57



Muslimova, |.B., Khairusheva, A.B. et al.

XRD analysis was performed to confirm the formation of the magnetic Fe;O, phase and evaluate
changes in crystal structure after surface modification and gold deposition. The phase composition of nano-
particles at different modification stages was investigated by X-ray diffraction (Figure 4). Pristine nanoparti-
cles Fe;0O,4 nanoparticles exhibited characteristic diffraction peaks at 20 values of 30.2°, 35.5°, 43.2°, 57.1°,
62.7° and 74.2°, corresponding to the (220), (311), (400), (511), (440) and (533) crystallographic planes of
magnetite Fes0,, respectively, and these results are in good agreement with literature data and confirm the
formation of the cubic spinel structure of magnetite [48]. After gold deposition onto nanoparticles FesO,-
CA@Au additional diffraction peaks appeared at 20 values of 38.2°, 44.4°, 64.6°, 77.7° and 81.8°, corre-
sponding to the (111), (200), (220), (311) and (222), planes of metallic gold with a face-centered cubic struc-
ture. The appearance of these reflections confirms successful formation of the gold shell on the surface of
magnetic nanoparticles.

For samples Fe;0,-CA@Au-12-MDA the positions of the main diffraction peaks corresponding to
magnetite and gold remained unchanged, while their intensities slightly decreased due to organic surface
modification. Nevertheless, these results indicate preservation of the crystal structure of the composite nano-
particles. Furthermore, the absence of additional crystalline phases confirms the high purity of the obtained
composite nanoparticles and successful stepwise surface modification without structural degradation during
functionalization.

—— Fe304-CA@AU-12MDA
(111 Au) —— Fe304-CA@AU
: —— Fe304
(200 Au) (220 Au) (222 Au)
(222 Fe) (422 Fe) ;
@00 Fe) | (533Fe)

(220 Fe)

(440 Fe)

Intensity, a.u.

T T " — T
20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 theta, °

Figure 4. XRD-diffractogram of nanoparticles before and after modification

According to SEM-EDX analysis, the morphology and elemental composition of the obtained nanopar-
ticles were investigated at different modification stages (Figure 5). Pristine nanoparticles Fe;O, exhibited
agglomerated irregular-shaped particles. Elemental mapping demonstrated a uniform distribution of Fe and
O throughout the particles, while quantitative EDX analysis showed the presence of Fe (76.5 wt %) and O
(23.5 wt %). After citric acid functionalization and gold deposition, the surface of Fe;0,-CA@Au nanoparti-
cles became rougher, and EDX analysis confirmed the presence of Au (1.2 wt%) and C (14.6 wt %) together
with Fe (78.1 wt %) and O (5.4 wt %). A weak sulfur signal (0.7 wt%) was detected in the intermediate
Fe;0,-CA@Au sample. Considering that no S-containing reagents were used at this stage, this low-intensity
signal is most likely attributable to the detection limit of EDX and/or background contamination. Following
12-MDA modification, sulfur (2.2 wt %) was additionally detected in Fes0,-CA@AuU-12-MDA samples,
while the carbon content increased to 18.5 wt % (Fe 55.8 wt %, O 20 wt %, Au 3.5 wt %), indicating suc-
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cessful surface functionalization with thiol-containing ligands. The quantitative elemental compositions of
the nanoparticles at different modification stages are summarized in Table S1. It should be noted that the
resolution of the obtained images does not allow accurate determination of the nanoparticle size. Neverthe-
less, the nanoparticles and their gold coating were synthesized using a previously developed method [47],
while the successful formation of the obtained nanostructures was additionally confirmed by XRD analysis.
The average particle sizes of Fe;0, (21.2 nm) and Fe;04,-CA@AU (29.6 nm) reported in [47] were deter-
mined by TEM and are cited here for comparison. The increase in the average particle size reported in [47]
was attributed to gold deposition on the Fe;O, nanoparticles. It should be noted that the resolution of the
SEM images obtained in the present study does not allow reliable determination of the individual nanoparti-
cle size or direct visualization of an Au shell around individual Fe;O4 nanoparticles.

Fes0,4 Fes0,-CA@Au Fe;0,-CA@Au-12-MDA

(@) (b) (©
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Figure 5. SEM images (a, b, ¢), EDX elemental mapping (d, e, f), and EDX spectra (g, h, i) of nanoparticles before
and after modification

The FTIR, SEM-EDX and XRD results confirmed successful stepwise modification of Fe;O,4, nanopar-
ticles, gold deposition, and subsequent surface functionalization with 12-MDA. The presence of Au, preser-
vation of the Fe;O,4 crystal structure, and the introduction of surface carboxyl groups enabled the obtained
Fe304-CA@Au-12-MDA nanoparticles to be used as a SERS-magnetic substrate for methylene blue detec-
tion in the concentration range of 102107 M.
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Figure 6 presents Raman spectra of MB recorded without a SERS substrate and in the presence of na-
noparticles Fe3;0,-CA@Au-12-MDA. For samples without nanoparticles, the Raman signal intensity was
significantly lower compared with spectra recorded in the presence of nanoparticles, while concentrations of
10" M were not detected due to the low sensitivity of conventional Raman spectroscopy.

In the presence of Fe;0,-CA@Au-12-MDA nanoparticles, substantial enhancement of the MB signal
was observed, particularly for the characteristic bands centered at approximately 1620-1628 cm™ and
1392-1400 cm™, corresponding to aromatic C=C and C-N vibrations, respectively. Compared with the con-
ventional Raman spectrum, a slight shift of the aromatic C=C band was observed in the SERS spectra. This
behavior may be associated with the adsorption of MB molecules onto the functionalized Au surface, leading
to changes in the local molecular environment and adsorption geometry. Even at concentrations as low as
10", characteristic MB bands, including the shifted aromatic C=C band, remained detectable in the presence
of the SERS substrate. The intensity of the SERS signal depended on the selected recording area (Figure 7).
Characteristic MB peaks were predominantly observed in localized SERS-active regions «hot spots formed
in areas of nanoparticle agglomeration (Figure 7b). In regions without pronounced aggregation, the signal
intensity was significantly lower or absent. To account for the variability associated with the non-uniform
distribution of nanoparticle aggregates, SERS measurements were performed in triplicate. The variability of
the SERS response was evaluated using the standard deviation of three independent measurements, which is
presented as error bars in the calibration curves (Figure 8). An additional advantage of Fe;O4,-CA@Au-12-
MDA nanoparticles is their magnetic nature, which promoted localization of the analyte droplet without sig-
nificant spreading across the surface and, consequently, concentration of MB molecules in plasmonically
active regions. This likely contributed to enhancement of the local electromagnetic field within nanogaps
between closely spaced metallic nanoparticles and increased intensity of the recorded signal.
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Figure 6. Raman spectra of MB in the concentration range of 10%-10" M recorded without a SERS substrate (a, c)
and in the presence of a Fe;0,-CA@Au-12-MDA -based SERS substrate (b, d)
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Figure 7. Optical micrographs of regions used for SERS spectrum acquisition of MB on the surface
of Fe;04-CA@Au-12-MDA nanoparticles: (a) region without pronounced nanoparticle agglomeration; (b) localized
SERS «hot spot» region with nanoparticle agglomeration and dye accumulation

Table 1 and Figure 8 present the analytical parameters and calibration curves for MB detection using
conventional Raman spectroscopy and SERS with nanoparticles Fe;O,-CA@Au-12-MDA. Calibration
curves were constructed based on the intensities of the characteristic MB bands at 1396 u 1623 cm™ in the
concentration range of 102-107 M. The calibration data represent the mean values of three independent
measurements, with the corresponding standard deviations shown as error bars in Figure 8.

The developed SERS substrate enabled experimental detection of methylene blue down to 107 M and
exhibited good quantitative performance, with R? values ranging from 0.98 to 0.99. The LOD values calcu-
lated using the 3o criterion were 4.05x10® M and 5.97x10® M for the bands at 1623 and 1396 cm™, respec-
tively. Thus, 10~ M represents the lowest MB concentration experimentally tested and detected in this
study, whereas the calculated values represent the estimated detection limits. The EF for the bands at 1623
and 1396 cm™ were 0.11x10° and 0.15x10°, respectively. These values were calculated by comparing the
SERS response at 107 M MB with the conventional Raman response at 10% M MB, taking into account the
five-order-of-magnitude difference in analyte concentration. The corresponding Raman signal intensity in-
creases were 5.95- and 5.40 times, respectively. Since the exact number of molecules contributing to the
SERS signal and the effective surface area of the SERS-active regions were not independently determined,
the calculated EF values should be regarded as approximate, order-of-magnitude estimates and are used pri-
marily for comparative evaluation of the developed SERS substrate.

A comparison with previously reported SERS substrates for MB detection is presented in Table 1. The
estimated LOD values obtained for Fe;0,-CA@Au-12-MDA (4.05x10® and 5.97x10® M for the bands at
1623 and 1396 cm™, respectively) were lower than those reported for the Au@MUA substrate (1.9x10°-
2.3x10° M). As expected, Ag-based substrates exhibited considerably higher EF because of the stronger lo-
calized surface plasmon resonance of silver nanostructures. Compared with the Au@MUA substrate, the de-
veloped Fe;0,-CA@Au-12-MDA nanoparticles showed approximately threefold higher EF values 0.11-
0.15x10° versus 0.4x10*, while maintaining excellent calibration linearity (R*> = 0.98-0.99). Although the
difference cannot be attributed solely to the replacement of MUA with 12-MDA, since the nanoparticle ar-
chitecture also differs, the combination of the FesO, magnetic core, Au shell, and 12-MDA surface function-
alization provides efficient SERS activity together with the practical advantage of magnetic separation and
substrate recovery.

Table 1
Comparison of the analytical characteristics of previously reported SERS substrates
for methylene blue detection
Sample Peaks, cm™ | LOD, M EF SERS-signal R? Ref.
increase, fold

Raman-spectra 1623 1 - 0.94
SERS Fe;0,-CA@Au-12-MDA 1623 4.05x10° 0.11x10° 5.95 0.98 | This
Raman-spectra 1396 1 - 0.97 work

SERS Fe;0,-CA@Au-12-MDA 1396 5.97x10° 0.15x10° 5.4 0.99
MWCNTs-Ag 1395, 1621 - 4.68x10° - 0.99 [49]
AU@MUA 1400,1625 | 00 | 0.ax10f . 0.93-0.95| [46]
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Figure 8. Calibration curves of methylene blue obtained using conventional Raman spectroscopy
and SERS Fe;0,-CA@Au-12MDA substrates

Conclusions

In this work, Fe;04-CA@AuU-12-MDA nanoparticles were obtained for use as a magnetic SERS sub-
strate for MB detection. Stepwise nanoparticle modification was confirmed by FTIR, SEM-EDX and XRD
analyses. The obtained results demonstrated preservation of the Fe;O, crystal structure after gold deposition
and subsequent organic modification, as well as the presence of Au and carboxyl-containing groups on the
nanoparticle surface.

The use of nanoparticles Fe;O,-CA@Au-12-MDA as a SERS substrate resulted in enhanced MB signal
intensity compared with conventional Raman spectroscopy. The most intense signals were recorded in local-
ized SERS «hot spots» regions associated with nanoparticle agglomeration. The obtained SERS substrates
experimental detection of characteristic methylene blue bands in the concentration range of 102-107 M. The
estimated LOD values calculated using the 3o criterion were 4.05x10® M and 5.97x10® M for the bands at
1623 and 1396 cm™, respectively. For the bands at 1623 and 1396 cm™ the approximate EF values were
0.11x10° and 0.15x10°, respectively. In addition, the Raman signal intensities increased by factors of 5.95
and 5.4 respectively, compared with conventional Raman spectroscopy. The constructed calibration curves
demonstrated good linearity with R? values of 0.98-0.99.

Thus, the obtained Fe;0,-CA@AU-12-MDA nanoparticles represent a promising magnetic SERS-
platform for detection of low concentrations of organic dye molecules.
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