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rface functionalization of gold
microtubes for SERS detection of dyes

Ainur B. Khairusheva ab and Ilya V. Korolkov*ab

In this study, we report on the synthesis of gold microtube-based substrates and their organic modification

with 11-mercaptoundecanoic acid (MUA11) for the use in surface-enhanced Raman spectroscopy (SERS).

The main objective of the work was to investigate the influence of organic modification on the optical

properties of the substrates and the degree of Raman signal enhancement. The synthesis of gold

microtubes was carried out using a chemical template-assisted growth method, resulting in the

formation of uniform and continuous gold layers on the porous template surface. The obtained

structures were characterized by X-ray diffraction (XRD), scanning electron microscopy with energy-

dispersive X-ray analysis (SEM-EDX). Localized surface plasmon resonance (LSPR) behavior was analyzed

through the optical response of the gold microtubes. The presence and efficiency of the organic

modification were verified by X-ray photoelectron spectroscopy (XPS). Optical characterization revealed

that the substrates with uniformly distributed gold microtubes exhibited a plasmonic resonance around

440–470 nm. To evaluate the analytical performance of the developed substrates, SERS analyses were

performed using three model organic dyes: methylene blue, methyl violet, methyl red, in a concentration

range from 10−2 to 10−6 M.
1 Introduction

Surface-enhanced Raman Scattering (SERS) has become an
indispensable analytical technique for the detection and char-
acterization of hazardous compounds due to its non-destructive
nature, rapid acquisition, high sensitivity, and ability to provide
unique vibrational ngerprints of molecules.1,2 The enhance-
ment of Raman scattering in SERS arises from two fundamental
mechanisms. The electromagnetic mechanism (EM) is associ-
ated with the excitation of localized surface plasmons and
resulting amplication of the electromagnetic eld near
metallic nanostructure.3,4 The chemical mechanism (CM), in
contrast, originates from charge–transfer interactions between
the analyte and the metal surface, which contribute to addi-
tional signal amplication and molecular selectivity. Together,
these mechanisms allow SERS to achieve several orders of
magnitude signal enhancement, making it suitable for trace
detection across diverse application elds.5,6

Traditional methods for detecting such compounds,
including UV-Vis spectroscopy, FTIR, HPLC, and mass spec-
trometry, are reliable but oen laborious, destructive, or require
relatively high analyte concentrations. By contrast, SERS offers
, 050032, Ibragimov str., 1, Almaty,

rsity, Satbaev str. 5, 010008, Astana,

22215
rapid, non-destructive detection at trace levels, providing
molecular specicity with minimal sample volumes.

Organic dyes are among the most common water pollutants
due to their widespread industrial use and high stability. In
addition to dyes, other hazardous organic compounds such as
pesticides also pose serious environmental and health risks.
Therefore, the development of sensitive and selective detection
methods for a broad range of pollutants remains a critical
challenge. In this context, SERS-based platforms offer signi-
cant potential.7–9

In summary, the progress of nanoscale materials science has
been instrumental in advancing SERS-based detection tech-
nologies.10 The rational design of SERS-active substrates
requires careful control over both physical parameters such as
morphology, size, dispersion and chemical factors, including
functionalization and selective molecular interactions.
Achieving a balance between uniformity, stability, and activity
remains one of the central challenges in the eld. The inte-
gration of structural engineering with targeted surface chem-
istry provides a promising pathway toward the development of
the highly sensitive, selective, and reliable SERS platforms for
applications in environmental monitoring,11 food safety,12

medicine, and other areas of high societal relevance.9,13

The efficiency of SERS is strongly dependent on the proper-
ties of the substrates employed. Material composition,
morphology, and dimensional characteristics determine the
distribution of local electromagnetic elds and thus the degree
of signal amplication.14 Over the past decades, a variety of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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substrates have been developed, with metal colloidal systems,
exible supports, and solid-state platforms emerging as the
most prominent. Metal colloids, typically synthesized via
chemical reduction of noble metals such as Au, Ag,15 Ni,16 or Cu,
are particularly attractive due to the relative simplicity, repro-
ducibility, and scalability of this method.7,17,18 The size and
morphology of the nanoparticles can be nely tuned by
adjusting precursor concentration, reducing agents, or reaction
conditions, thereby allowing control over plasmonic proper-
ties.19 Flexible substrates, oen prepared by depositing nano-
particles onto paper, polymer lms, or adhesive supports, offer
mechanical adaptability and cost-effectiveness, while solid-state
platforms provide robust and reusable SERS- active surfaces,
ensuring stability and reproducibility of measurements.20,21

Advances in nanotechnology have also enabled the devel-
opment of multifunctional and hybrid nanostructures that
further enhance SERS activity. For instance, magnetic nano-
particles coated with noble metals can signicantly improve
signal intensity when subjected to an external magnetic eld,
due to the intensied local electromagnetic eld around the
nanostructures. In parallel, bifunctional organic molecules
such as 11-mercaptoundecanoic acid (MUA), cysteine, and
glutathione are frequently employed to induce controlled self-
assembly of nanoparticles.22 These molecules establish inter-
particle connections through hydrogen bonding or electrostatic
interactions, promoting aggregation at the nanoscale. The
resulting nanoparticle clusters produce shis in localized
surface plasmon resonance (LSPR) and nanoscale junctions
known as “hot spots”, which serve as principal sites of Raman
enhancement.20,23,24

The presence of hot spots is widely recognized as the decisive
factor in achieving ultrasensitive detection. Localized electro-
magnetic elds at sharp edges or interparticle junctions can
enhance the Raman signal by several orders of magnitude,
enabling the identication of analytes at extremely low
concentrations.25,26 However, the effectiveness of hot spots
strongly depends on the spatial distribution and dispersion of
nanostructures.27 Well-dispersed nanoparticles or microtubes
generate localized regions of enhancement, whereas dense,
uncontrolled agglomerates may induce strong background
uorescence and compromise spectral quality. To address these
challenges, chemical surface modication is employed to
improve molecular adsorption and selectivity. Functionaliza-
tion with molecules such as 11-mercaptoundecanoic acid
provides active binding sites for dyes, pesticides, and other
hazardous compounds, thereby combining enhanced sensi-
tivity with chemical specicity.28–30

In SERS-based detection, the adsorption behavior of analytes
on metallic substrates plays a decisive role in determining both
the intensity and the reproducibility of the Raman signal.31

Organic dyes such as methylene blue (MB), methyl red (MR),
and methyl violet (MV) are frequently employed as model ana-
lytes due to their well-dened molecular structures and strong
affinity for metallic surfaces. MB is a cationic thiazine dye of
which positively charged heterocyclic ring system.32,33 MR, in
contrast, is an azo dye that exists in zwitterionic or anionic
forms depending on the solution pH. MV is cationic
© 2026 The Author(s). Published by the Royal Society of Chemistry
triphenylmethane dye, however, its bulky molecular structure
may restrict orientation on the surface, thereby inuencing the
relative intensities of its Raman bands. The presence of MUA11
functionalization introduces terminal carboxylate groups that
alter the electrostatic environment of the substrate, can
enhance the binding of cationic dyes such as MB and MV ulti-
mately improving both selectivity and reproducibility of SERS
signals.

In this article, gold-coated substrates before and aer
modication with COOH groups were investigated. The effect of
modication on signal intensity and selectivity at low analyte
concentrations was examined. The obtained results demon-
strate that the molecular structure of each dye inuences the
adsorption behavior and interaction with the modied gold
surface in district manner.1,33 Thus, the aim of the surface
functionalization with MUA is to tailor the surface chemistry of
Au microtubes and to improve the adsorption of probe mole-
cules, thereby enhancing the SERS performance.
2 Experimental methods
2.1 Materials

Sodium sulte (Na2SO3, 98%), sodium bicarbonate (NaHCO3),
sodium gold sulte Na3[Au(SO3)2], stannous chloride dihydrate
(SnCl2$2H2O, 98%), and silver nitrate (AgNO3, 98%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Aqueous
ammonia (NH4OH, 25%) was obtained from Sigma-Tek. Barium
hydroxide (Ba(OH)2) (analytical grade), methyl red
(C15H15N3O2), and methyl violet (C24H28N3Cl) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Methylene blue
(C16H18ClN3S) was purchased from Sigma-Aldrich (China). All
chemicals were of analytical grade and used without further
purication. Mercaptoundecanoic acid 11 (MUA11) was ob-
tained from Sigma-Aldrich (India).
2.2 Synthesis of Au microtubes

Polyethylene terephthalate (PET) track-etched membranes
(thickness 12 mm) were obtained by irradiation of PET lm with
accelerated Kr ions and subsequent chemical etching in NaOH
solution, yielding channels with diameters of 1.5 ± 0.23 mm,
followed by an oxidation step performed according to the
procedure described in.34,35

The gold plating precursor, sodium disultoaurate (I)
(Na3[Au(SO3)2]), was synthesized fromHAuCl4$3H2O using aqua
regia (HNO3 : HCl = 1 : 3), followed by treatment with Ba(OH)2
and Na2SO3 as described previously.36

Template-assisted deposition of Au microtubes was carried
out in three sequential steps: sensitization with SnCl2, activa-
tion with AgNO3 and NH4OH, and chemical deposition using
Na2SO3, NaHCO3, and Na3[Au(SO3)2], all performed in deion-
ized water. The resulting PET membranes containing Au
microtubes were characterized by gravimetric analysis (before
and aer deposition) and gas permeability measurements to
evaluate tube formation and pore size.

The template-assisted growth of Au microtubes is based on
the reduction of Au(I) complexes within the conned geometry
RSC Adv., 2026, 16, 22204–22215 | 22205
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of track-etched channels. Sensitization with SnCl2 introduces
catalytic sites, which are subsequently activated by Ag+ ions
through a redox exchange, forming metallic silver nuclei. These
nuclei act at catalytic centers for the reduction of Au(I)
complexes in the presence of Na2SO3 and NaHCO3. The
conned deposition inside PET pores promotes the growth of
hollow tubular structures rather than solid nanowires, while
additional etching and oxidation steps regulate pore size and
surface functionality. Building upon this synthetic approach,
recent studies have emphasized the importance of post-
synthetic surface modication to further enhance the perfor-
mance of gold microtubes.37
2.3 Organic modication with 11-mercaptoundecanoic acid

The obtained gold microtubes were modied with carboxyl
groups. As modifying reagent, 11-mercaptoundecanoic acid
(MUA11) was used. The synthesized gold microtubes (1 mg)
were immersed in a 0.5 mM MUA11 solution prepared in iso-
propanol (1 ml). The mixture was kept under vigorous stirring
for 24 hours. Finally, the microtubes were rinsed 5–6 times with
isopropanol to remove unbound molecules and residual
reagents. As a result, organically modied gold microtubes were
obtained.

Other concentrations of MUA11 such as 0.1, 0.25 and 1 mM
were also tested, but no signicant difference in elemental
composition was detected.
2.4 Gas permeability measurements

Gas permeation experiments were performed by applying
a controlled pressure gradient (DP) across the PET membrane
containing gold microtubes. The effective pore sizes of the
membranes were calculated from gas permeability based on
Hagen–Poiseuille equation.38

r ¼
�
8hlQ

pnDP

�1=4

(1)

where, r – pore radius [m], Q is liquid ux (m3 cm−2), n –

number of pores at the membrane surface [m−2], h – gas
viscosity [N s m−2], DP – applied pressure [Pa], l -thickness of the
membrane.
2.5 Structural characterization

X-ray diffraction (XRD) analysis was carried out at ambient
temperature using a SmartLab diffractometer (Rigaku Corpo-
ration, Tokyo, Japan), which was equipped with a Cu-Ka radi-
ation source (l= 1.5406 Å), ensuring high-resolution diffraction
measurements. The collected diffraction data were subse-
quently processed, rened, and analyzed with the aid of DI-
FFRAC. EVA soware (version 4.2.1: Bruker AXS GmbH,
Karlsruhe, Germany), which provided reliable phase identi-
cation and structural characterization.

In addition, the investigation of surface morphology
together with elemental composition was performed using
scanning electron microscopy (SEM) on a Phenom ProX G6
scanning electron microscope (Thermo Fisher Scientic,
22206 | RSC Adv., 2026, 16, 22204–22215
Eindhoven, The Netherlands), which also allowed energy-
dispersive spectroscopy to be applied for qualitative and semi-
quantitative elemental analysis of the samples.

The Thermo Scientic Nexsa XPS System was used to analyze
the surface composition and chemical states of the samples.
This method provided detailed information about the elements
present and their bonding environments, allowing precise
evaluation of surface modications and material interactions.
2.6 Optical characterization

To evaluate the plasmonic properties of the synthesized Au and
Au@MUA11 microtubes, UV-visible absorption spectra were
recorded using an Analytik Jena Specord 250 Plus spectropho-
tometer equipped with an integrating sphere.

The spectra were acquired in the wavelength range of 300–
1100 nm with a resolution of 1 nm and a scan rate of 10 nm s−1.
Barium sulfate was used as a reference standard, and baseline
correction was performed before measurements.
2.7 SERS measurements

Gold microtubes and Au@MUA11 microtubes deposited on the
silicon plate were used for SERS measurements. Methylene
blue, methyl violet and methyl red dyes were used for testing.
Raman spectra were collected using an EnSpectr microscope
equipped with excitation lasers of 532 nm. The spectral range of
interest was 1000–1800 cm−1, which encompasses the charac-
teristic vibrational modes of the selected dyes.

In practice, the exact determination of NSERS and NRaman is
challenging for a complex nanostructured substrate due to the
non-uniform distribution electromagnetic hotspots. Therefore,
a commonly used approximation was employed, assuming that
the number of molecules contributing to the Raman signal is
proportional to their concentration within the laser probing
volume, provided that identical experimental conditions are
used for both SERS and normal Raman measurements.

The surface-enhanced Raman scattering (SERS) enhance-
ment factor (EF) was determined according to the expression
eqn (2):

EF ¼ ðASERS=CSERSÞ
ðARaman=CRamanÞ (2)

where ASERS and ARaman are Raman peak areas measured under
SERS and conventional Raman conditions, respectively. CSERS

and CRaman are the corresponding analyte concentrations.
Physically, this ratio quanties the amplication of the

Raman signal per molecule, arising primarily from the elec-
tromagnetic mechanism associated with LSPR excitation in
metallic nanostructures. It should be noted that this method
provides an approximate, order-of-magnitude estimation of the
EF rather than an absolute value.

The sensitivity of the fabricated substrates was evaluated by
estimating the limit of detection (LOD), calculated according to
the following relation eqn (3):

LOD ¼ 3�
�s
s

�
(3)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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where s – represent the standard deviation of the blank
measurement, and s – is the slope of the calibration curve. This
criterion denes the lowest analyte concentration that can be
reliably distinguished from the background signal. The
combination of SERS enhancement and precise LOD determi-
nation allowed us to assess both the amplication efficiency of
the gold microtubes and their analytical potential for trace-level
detection.39
3 Results and discussion
3.1 Morphology and structure

Fig. 1 presents the diffraction patterns of Au and Au@MUA11
MTs structures. Both samples exhibit strong diffraction peaks at
2q z 38.2°, 44.4°, 64.6°, 77.5°, and 82.3°, which correspond to
reection from the (111), (200), (220), (311), and (222) planes of
FCC gold. The most intense reection at (111) indicates
a preferred crystallographic orientation in this direction, which
is characteristic of nanostructured gold materials. The calcu-
lated lattice parameters were a = 4.0777(6) Å for Au and a =

4.0777(8) Å for Au@MUA11, which are in good agreement with
the standard value for bulk Au (a= 4.078 Å JCPDS 04-0784). This
conrms the formation of a well-ordered crystalline lattice
without signicant distortions. The average crystalline size ob-
tained from the Scherrer equation was 15.5± 2.2 nm for Au and
14.6 ± 2.7 nm for Au@MUA11 (Table 1). This difference is
statistically insignicant and falls within the margin of error,
indicating that the surface modication with MUA11 does not
affect the crystallite size. Importantly, no additional peaks cor-
responding to impurity phases (such as a gold oxides or residual
compounds) were observed, which conrms the phase purity of
the synthesized samples.

In addition to the crystallographic analysis, the sharpness
and intensity of the diffraction peaks indicate a high degree of
crystallinity in both Au and Au@MUA11 microtubular
Fig. 1 XRD of Au and Au@MUA11 MTs.

Table 1 Structural parameters of Au and Au@MUA11 microtubes

No. Phase (hkl) 2q° d, Å C

Au Au – Cubic, Fm�3m (111) 1 1 1 38.19702 2.35425 1
Au@MUA 11 Au@MUA 11 – Cubic,

Fm�3m (111)
1 1 1 38.19673 2.35427 1

© 2026 The Author(s). Published by the Royal Society of Chemistry
structures. The slight broadening of the reections in the
functionalized sample suggests a reduction in crystallite size
and possible introduction of micro strain due to the organic
coating, yet the overall preservation of the FCC gold phase
conrms that the functionalization process does not alter the
fundamental crystal structure. It should be also noted that the
gold microtubes are composed of many small gold crystallites.
The crystallite size obtained from XRD (∼15.5 ± 2.2 nm and
14.6 ± 2.7 nm) represents these nanoscale building units, while
the SEM images show the larger tubular structures formed by
their assembly (Fig. 2a and b).

The microtubes exhibit a diameter of approximately 1.4 ±

0.21 mm (Table 2), while their length extends to 12 mm. Such as
arrangement is dictated by the orientation of pores in the track-
etched membrane, which directs the growth and results in
predominantly parallel alignment of the microtubes. The tube
surfaces are rough and heterogeneous, which is particularly
important for the generation of “hot spots” responsible for
strong SERS enhancement.40 Fig. 2c and d also shows the
elemental composition using a Scanning Electron Microscope.

The EDX spectra (Fig. 2e and f) further conrm the presents
of Au, Ag, Sn and C. Pronounced peaks corresponding to gold
indicate successful gold deposition. Weak silver signals may
originate from residual impurities of the synthesis process or
partial alloying of the surface. The high carbon content is
attributed to the sample preparation procedure, as carbon
adhesive tape was used to x the sample. The presence of
oxygen can be attributed to remnants of the polymer matrix
(PET). A comparison of spectra before and aer modication
demonstrates appearance of S but with low intensity. Due to
peak overlap between sulfur and gold, EDX cannot reliably
conrm sulfur presence. Therefore, XPS analysis, offering
higher sensitivity and chemical specicity, is used as the
primary method is discussed in detail below.

The survey XPS spectra of Au MTs (Fig. 3a) reveal charac-
teristic photo-emission peaks corresponding to Au, Ag, Sn, O, C.
In addition to the same elements, S was also registered on the
sample Au@MUA11 MTs (Fig. 3b) and C with much higher
intensity. The high-resolution S 2p XPS spectrum of the
Au@MUA11 MTs sample (Fig. 3g) was deconvoluted into two
spin–orbit doublets, maintaining a xed energy separation of
1.18 eV and an area ration of 2 : 1 between the S 2p3/2 and S 2p1/2
components. The resulting tting model provides good agree-
ment with the experimental data (R2 = 0.956), conrming the
presence of two chemically distinct sulfur species on the
surface. The rst doublet exhibits a major component at S 2p3/2
= 161.1 eV and S 2p1/2 = 162.3 eV, which is characteristic of
metal-sulfur (Au–S) bonds. This lower binding energy region
rystallite size, nm Lattice parameter, Å Phase concentration, 100%

5.5 � 2.2 4.07769 (6) 100%
4.6 � 2.7 4.07772 (8) 100%

RSC Adv., 2026, 16, 22204–22215 | 22207
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Fig. 2 SEM images, EDX mapping and corresponding EDX spectra of Au (a, c and e) and Au@MUA11 microtubes (b, d and f).

Table 2 Elemental composition from XPS survey spectra

Sample C (at%) O (at%) Au (at%) Ag (at%) Sn (at%) S (at%)

Au MTs 58.8 10.2 25.1 5.6 0.3 —
Au@MUA 11 MTs 60.1 11.6 19.0 2.8 0.2 6.3
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corresponds to sulde-like (S2−) species that are chemisorbed
onto the metallic gold surface, indicating strong interaction
between sulfur and gold atoms. The second doublet, centered at
S 2p3/2 = 163.3 eV and S 2p1/2 = 164.5 eV, is attributed to
unbound or weakly bound organic sulfur species, such as thiol
(R-SH) or disulde (R-S-S-R) groups that remain aer incom-
plete chemisorption or partial surface coverage.41

Furthermore, the survey spectra reveal C 1 s and O 1 s peaks
that become signicantly more intense aer MUA11 modica-
tion compared to the pristine Au MTs. This enhancement is
22208 | RSC Adv., 2026, 16, 22204–22215
consistent with the organic nature of MUA11, which contains
carbon- and oxygen-rich carboxylic acid and alkyl groups.

The Au 4f spectra are presented in Fig. 3c and d. Au 4f7/2 and
Au 4f5/2 in the binding energy range of 84–88 eV. In the spec-
trum of pristine Au MTs (Fig. 3c), these gold peaks are intense
and well-dened, reecting a clean metallic surface. Aer
surface modication with MUA11 (Fig. 3d), the positions of the
Au 4f7/2 and Au 4f5/2 peaks remain at approximately 84.0 eV and
87.7 eV, respectively, indicating that the gold retains its metallic
state upon functionalization.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Survey XPS spectra of Au MTs (a) and Au@MUA11 MTs (b); Au 4f peaks of Au MTs (c) and Au@MUA11 MTs (d); Ag 3d peaks of Au MTs (e) and
Au@MUA11 MTs (f); S 2p peaks of Au@MUA11 MTs (g).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
4/

20
26

 6
:4

7:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In addition to Au, distinct peaks characteristic of Ag is
observed at 368 eV and 374 eV, corresponding to Ag 3d5/2 and Ag
3d3/2 respectively (Fig. 3e and f). The positions of these Ag 3d
peaks are consistent with metallic silver, conrming the coex-
istence of both Au and Ag components within the sample before
© 2026 The Author(s). Published by the Royal Society of Chemistry
and aer modication with MUA11.42 The elemental composi-
tion derived from the XPS survey spectra is summarized in
Table 2.

The Table 3 summarizes the structured parameters of the
PET template and the synthesized gold microtubes. The pristine
RSC Adv., 2026, 16, 22204–22215 | 22209
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Table 3 Summary of gas permeability parameters for Au MTs

Sample
Pore
diameter (mm)

Channel
length (mm)

Wall
thickness (mm)

Mass of synthesized microtubes
per membrane (mg cm−2)

PET membrane 1.5 � 0.23 # 12.0 — —
PET membrane with gold microtubes 1.4 � 0.21 # 12.0 0.1 � 0.015 0.625 � 0.09
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PET membranes possess pores with an average diameter of 1.5
± 0.23 mm and a channel length of up to 12 mm. Aer electro-
chemical deposition of gold, the resulting microtubes exhibit
slightly reduced pore diameters (1.4 ± 0.21 mm), which indi-
cates partial wall formation within the template channels. The
wall thickness of the gold microtubes does not exceed 0.1 ±

0.015 mm, while the overall mass of microtubes synthesized per
membrane ranges from 0.625 mg cm−2 ± 0.09.
3.2 UV-vis adsorption

The UV–Vis absorption spectra of Au and Au@MUA11 MTs are
shown in Fig. 4a. The initial LSPR analysis was carried out using
a UV–Vis spectrometer. For Au MTs and Au@MUA11 MTs, no
narrow or well-resolved plasmon resonance peaks were
observed. Instead, the UV-vis spectra (Fig. 4a) exhibit a broad
absorption band centered in the 440–470 nm range, arising
from collective plasmon oscillations in the nanostructured
microtubes.43

Notably, the Au@MUA11 MTs demonstrate lower absorption
intensity compared to the pristine AuMTs, indicating a reduced
plasmonic response aer surface modication. This effect may
be associated with changes in the local dielectric environment
and interparticle interactions induced by the MUA11 layer.
Fig. 4 UV-Vis absorbtion spectra of Au and Au@MUA11 MTs.

Fig. 5 Raman spectra recorded at an excitation wavelength of 532 nm:

22210 | RSC Adv., 2026, 16, 22204–22215
3.3 SERS analysis

The SERS spectra of the dye solutions were analyzed before and
aer modication of the gold microtubes. As shown in Fig. 5,
the spectra of the Au (a) and Au@MUA11 (b) samples aer
thorough washing exhibit almost no additional Raman bands,
with signals remaining at the noise level. Additional experi-
ments performed under insufficient washing conditions
revealed the presence of weak S–H vibrational bands in the
2500–3000 cm−1 region, indicating residual unbound MUA11
molecules. These features disappear aer repeated washing
with isopropanol, conrming effective removal of non-
chemisorbed species. The corresponding data is provided in
the SI (Fig. S1). At the same time, XPS analysis (Section 3.2)
demonstrated that the covalently bound MUA11 molecules
remain anchored to the gold surface, supporting the successful
surface modication of Au MTs. The difference between Raman
and XPS results is attributed to their different probing depths.
SERS detects only molecules in electromagnetic hotspots, while
XPS detects all surface species, including weakly bound mole-
cules outside the SERS-active regions.

Thiol-terminated ligands have been shown to inuence the
physicochemical properties of gold nanostructures. Among
them, MUA11 has been extensively employed to stabilize gold
nanoclusters and nanoparticles due to its strong Au–S bonding
and carboxyl terminal groups, which enable further chemical
functionalization.22,28,30 Such modication improves the
stability and dispersibility of gold nanostructures and provides
anchoring sites for biomolecules, making them highly attractive
for SERS applications. As complementary examples, other thiol
ligands such as mercaptosuccinic acid (MSA) have also been
investigated, showing effects on electron transfer and surface
reactivity of gold.44

Next, the effect of recording the spectrum from different
micro-zones was investigated, as shown in the (Fig. 6). The
micrograph illustrates the distribution of Au microtubes and
(a) Au sample, (b) AuMUA11 after thorough washing.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Methyl blue at a concentration of 10−5 M in three different locations on the Au MTs; (b) optical images obtained from SERS of three
zones; (c) SERS microscope image of Au MTs at 50× magnification.
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their interaction with methylene blue molecules at a concen-
tration of 1 × 10−5 M. Spectra collected from different regions
of the substrate revealed three characteristic zones. (Zone 1) A
pronounced SERS signal was observed, which can be attributed
to the efficient adsorption of dye molecules onto well-dispersed
Au microtubes. (Zone 2) In this region, the spectral intensity
was noticeably weaker. This reduction can be explained either
by excessive aggregation of microtubes, which screens the
electromagnetic eld and reduces the number of accessible
active sites, or by uneven dye adsorption. (Zone 3) Here in, the
signal was suppressed due to insufficient adsorption of meth-
ylene blue molecules. Such behavior occurs when the substrate
loses dispersibility, making the Au surface less accessible for
analyte molecules. Overall, not only the chemical interaction
between methylene blue and Au but also the morphological
characteristics of the substrates play a crucial role. Proper di-
spersibility and uniform distribution of Au microtubes provide
a higher number of active sites, thereby improving both the
reproducibility and intensity of the SERS response.

Fig. 7 shows the SERS spectra of three dye molecules meth-
ylene blue (a, b), methyl violet (c, d), and methyl red (e, f)
recorded at different concentrations ranging from 10−6 M to
10−2 M for methylene blue/methyl violet and 10−6 M to 10−3 M
for methyl red using Au (a, c, e) and Au@MUA11 (b, d, f)
microtubes as active substrates. The measurements were per-
formed exclusively from zone 1, located at the edges of micro-
tube clusters, where the local electromagnetic eld is expected
to be strongest due to the formation of interparticle plasmonic
junctions (“hot spots”). In all cases, a progressive enhancement
of characteristic Raman bands was observed with increasing
analyte concentration, demonstrating the reproducibility and
sensitivity of both types of substrates. The spectra exhibit well-
dened vibrational features corresponding to the molecular
structures of the dyes.45

Fig. 8 presents the calibration plots of Raman peak area
versus logarithm of concentration for three model dyes methy-
lene blue, methyl violet, and methyl red measured on Au and
Au@MUA11 microtube substrates. The corresponding analyt-
ical parameters, including the main vibrational bands (cm−1),
enhancement factor (EF), correlation coefficients (R2), and
© 2026 The Author(s). Published by the Royal Society of Chemistry
limits of detection (LOD), are summarized in Table 4. LOD was
calculated based on peak areas. A clear linear relationship is
observed between the Raman peak area and the logarithm of
dye concentration for all systems, conrming the quantitative
potential of SERS analysis.

For methylene blue, the characteristic peaks at 1400 cm−1

and 1625 cm−1 exhibit linearity (R2 z 0.92–0.98). The
Au@MUA11 substrate provides markedly stronger enhance-
ment than bare Au, especially for the 1400 cm−1 band (EF= 0.02
× 104 vs. 0.4 × 104).

This observation is quantied by a 20-fold increase in the
Enhancement Factor (EF) for the 1400 cm−1 peak, which is
attributed to the electrostatic attraction between the cationic
dye and the anionic carboxyl groups of the MUA11 layer.
However, a discrepancy is observed for the 1625 cm−1 peak:
while its EF increases slightly, its LOD worsens (from 0.99 to 2.3
mM). This highlights the difference between the EF, a physical
measure of molecular signal boost, and the LOD, an analytical
parameter governed by the signal-to-noise ratio and calibration
linearity. The increased intensity at 1400 cm−1 upon modica-
tion makes it a more robust analytical marker, whereas the
1625 cm−1 mode, despite its higher absolute intensity, suffers
from reduced correlation (R2 = 0.92).

In order to verify the correctness of the spectral identica-
tion, the experimentally observed Raman bands were compared
with previously reported SERS data for the corresponding dyes.
For methylene blue, the characteristic bands detected at around
1400 cm−1 and 1625 cm−1 are in good agreement with literature
reports, where the band near 1625 cm−1 is commonly assigned
to ring C–C and C–N stretching vibrations and is used as the
main analytical feature. The detection limit achieved for
methylene blue falls within the 10−5–10−6 M range, which is
consistent with literature reports on SERS detection, where
limits of 10−7–10−6 M have been reported depending on the
substrate and experimental conditions.46

For methyl violet, the dominant peaks at 1370 cm−1 and
1620 cm−1 demonstrate a similar trend. The EF increases by
nearly one order of magnitude on Au@MUA11 (∼0.2 × 104 vs.
0.02 × 104 on Au), accompanied by a strong linear correlation
(R2 z 0.97) and a reduction of LOD from approximately 15.8–
RSC Adv., 2026, 16, 22204–22215 | 22211
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Fig. 7 SERS spectra. (a) Methylene Blue on Au substrates at concentrations ranging from 10−2 to 10−6 M; (b) Methylene Blue on Au@MUA11
substrates at concentrations ranging from 10−2 to10−6 M; (c) Methyl Violet on Au substrates at concentrations ranging from 10−2 to 10−6 M; (d)
Methyl Violet on Au@MUA11 substrates at concentrations ranging from 10−2 to 10−6 M; (e) Methyl Red on Au substrates at concentrations ranging
from 10−3 to 10−6 M; (f) Methyl Red on Au@MUA11 substrates at concentrations ranging from 10−3 to 10−6 M.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
4/

20
26

 6
:4

7:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1.98 mM. This pronounced enhancement is attributed electro-
magnetic coupling and electrostatic attraction between the
positively charged dye and the negatively charged carboxyl-
functionalized surface, leading to denser molecular adsorption
and stronger SERS response. For methyl violet, the observed
characteristic peaks at approximately 1370 cm−1 and 1620 cm−1

are consistent with reported SERS spectra, which typically show
prominent bands in the 1370–1380 cm−1 and 1580–1620 cm−1

regions corresponding to ring-related vibrational modes.47

According to the literature data, the obtained LOD value corre-
sponds to the average and stable direction characteristic of SERS
detection of cationic dyes on gold substrates.48
22212 | RSC Adv., 2026, 16, 22204–22215
Methyl red is an azo dye characterized by conjugated p-
electron system containing an –N]N– linkage between
aromatic rings, which governs it vibrational behavior. The
dominant Raman band observed at 1390 cm−1 is assigned to the
azo (–N]N–) stretching vibration, typically reported in the
1380–1400 cm−1 region for azo dyes. The band near 1600 cm−1

corresponds to C]C and C]N stretching vibrations of the
quinonoid ring structure, associated with p-electron delocal-
ization and protonation effects.

These assignments are consistent with previously reported
Raman and SERS studies of methyl red and related azo dyes,
where bands in the 1387–1396 cm−1 and 1590–1620 cm−1
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Au substrates calibrated at 1400 and 1625 cm−1 using methylene blue; (b) Au@MUA11 substrates calibrated at 1400 and 1625 cm−1

using methylene blue; (c) Au substrates calibrated at 1370 and 1625 cm−1 using methyl violet; (d) Au@MUA11 substrates calibrated at 1370 and
1625 cm−1 using methyl violet; (e) Au substrates calibrated at 1390 and 1600 cm−1 using methyl red; (f) Au@MUA11 substrates calibrated at 1390
and 1600 cm−1 using methyl red.

Table 4 Analytical parameters from SERS measurements

Dyes Substrate Peaks, (cm−1) EF (×104) R2, % LOD, mM

Methyl blue Au 1400 0.02 97 15.4
1625 0.3 98 0.99

Au@MUA 1400 0.4 95 1.9
1625 0.4 92 2.3

Methyl violet Au 1370 0.02 96 15.8
1620 0.01 97 11.9

Au@MUA 1370 0.2 95 1.98
1620 0.2 93 1.97

Methyl red Au 1390 0.6 97 1.89
1600 0.6 97 1.8

Au@MUA 1390 0.6 92 3.13
1600 0.2 99 1.3
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regions are commonly attributed to azo stretching and aromatic
ring vibrations.49 In particular, the spectral features of methyl
red are known to depend on protonation state and adsorption
environment, leading to the coexistence of azo and quinonoid
forms and corresponding shis in vibrational modes.50

Furthermore, similar SERS responses and detection limits on
the order of 10−6 M have been reported for methyl red using
plasmonic substrates such as silver/gold bimetallic
nanoframes.43

The EF values for methyl red are within (0.6)× 104 for Au and
(0.2–0.6)×104 for Au@MUA11, with corresponding LOD values
of 1.8 mM and 1.3–3.3 mM, respectively.

Overall, the results presented in Fig. 8 and Table 4 demon-
strate a clear selectivity trend: the Au@MUA11 substrates are
signicantly more effective for cationic dyes, providing up to 10-
20-folder (methyl violet) higher enhancement factors and lower
detection limits compared with bare gold. These ndings
emphasize the importance of surface charge engineering and
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecular electrostatics in designing SERS-active substrates
optimized for specic analyte types.

Also, it should be noted that the enhancement factors ob-
tained in this work (103–104) are lower than those reported for
advanced three-dimensional SERS substrates, where values in
the range of 106–108 can be achieved.45 This difference is mainly
attributed to the simpler structural design of the proposed
microtube-based substrate, which does not rely on complex
hierarchical nanostructures. Nevertheless, the developed
system offers a balanced combination of sufficient sensitivity,
good reproducibility, and straightforward fabrication.

A detailed comparison of the SERS performance for Au and
Au@MUA11 substrates reveals a varies with concentration
behavior of surface functionalization effects. At higher analyte
concentrations, the non-modied Au substrate oen exhibits
comparable or even higher signal intensity. This behavior can
be attributed to the formation of multilayer adsorption and
partial aggregation of dye molecules, in this case, the effect of
interaction between the microtube and the dye is not dominate.

In contrast, at low concentrations (10−6 M), the effect of
surface functionalization becomes more pronounced, as clearly
demonstrated in Fig. 9. For methyl violet (Fig. 9a), characteristic
Raman bands at 1184, 1375, and 1590 cm−1 are more clearly
resolved and exhibit higher intensity on the Au@MUA11
substrate, indicating improved adsorption and more efficient
hotspot utilization.

A similar trend is observed for methylene blue (Fig. 9b),
where the characteristic band at ∼1400 cm−1 is signicantly
more pronounced on Au@MUA11 compared to bare Au, con-
rming enhanced interaction between the cationic dye mole-
cules and the negatively charged surface.

In contrast, methyl red (Fig. 9c), the behavior differs. The
signal obtained on bare Au shows higher intensity and better-
dened spectral into two components (∼1591 and
RSC Adv., 2026, 16, 22204–22215 | 22213
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Fig. 9 (a) SERS spectra of Methyl Violet (10−6 M) on Au and Au@MUA11 substrates; (b) SERS spectra of Methylene blue (10−6 M) on Au and
Au@MUA11 substrates; (c) SERS spectra of Methyl Red (10−6 M) on Au and Au@MUA11 substrates; chemical structure formulas of the dyes: methyl
violet (d), methyl blue (e), and methyl red (f).
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∼1630 cm−1), which is more clearly observed on the unmodied
substrate. This indicates that for anionic dyes, the negatively
charged surface of the modied microtube does not promote
sorption due to the repulsion of charges. These observations are
consistent with the quantitative data presented in Fig. 8 and
Table 4, where signicant improvements. In EF and LOD are
observed for cationic dyes (methylene blue and methyl violet)
on Au@MUA11, while only minor or inconsistent changes are
detected for methyl red.

Overall, the results demonstrate that MUA11 functionaliza-
tion enhances SERS performance of cationic dyes. The modi-
cation is most effective in the trace concentration regime, where
electrostatic interactions promote adsorption, leading to
improved spectral quality.51,52
4 Conclusions

In summary, the synthesized gold microtube-based substrates
modied with 11-mercaptoundecanoic acid (MUA11) demon-
strated high structural uniformity, strong plasmonic resonance
near 440–470 nm. The XPS analysis conrmed successful
organic functionalization, while SERS measurements with
methylene blue, methyl violet and methyl red revealed stable
and reproducible enhancement across concentrations from
10−1 to 10−6 M. Findings highlight the strong inuence of
molecular charge on SERS efficiency and demonstrate that
tailored surface functionalization can be used to tune substrate
analyte interactions. Thus, Au@MUA11 microtubes show
excellent potential for the selective detection of cationic species,
offering both high sensitivity and chemical specicity.
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