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Abstract

Spiky Au-Ag nanostars offer intense plasmonic enhancement due to their sharp-tipped
morphology, enabling powerful surface-enhanced Raman scattering (SERS). Here, we re-
port a liquid-phase SERS platform that addresses current limitations in cancer biomarker
detection, such as low sensitivity and dependence on Raman reporters. Nanostar concentra-
tion was tuned by simple centrifugation (10, 30, and 60 min), and their SERS performance
was evaluated using methylene blue (MB) and mercaptopropionic acid (MPA) as probe
molecules. Signal intensity scaled with nanostar content, enabling sensitive detection.
Optimized nanostars were functionalized with MPA, 1-Ethyl-3-(3-dimethylaminol-Ethyl-
3-(3dimethylaminopropyll) carbodiimide (EDC), and N-Hydroxy succinimide (NHS) for
covalent attachment of monoclonal anti-x-fetoprotein antibodies (AFP-Ab), facilitating the
detection of AFP antigens across 167-38 ng/mL (antibody) and 500-0 ng/mL (antigen)
ranges. The limit of detection (LOD) for the antigens was determined to be 16.73 ng/mL.
Unlike conventional SERS systems, this aqueous, surfactant-free platform exploits the
intrinsic vibrational modes of AFP, enabling sensitive and rapid biomarker detection with
strong potential for early cancer diagnostics.

Keywords: liquid-phase SERS; cancer biosensor; alpha-fetoprotein; Au-Ag nanostars

1. Introduction

Nowadays, the surface-enhanced Raman spectroscopy (SERS) technique with nanos-
tructured substrates is widely recognized as a highly sensitive analytical method [1] in
various areas of science, including agriculture, environmental, and medicine [2-4]. In
the medical field, this technique has emerged as a diagnostic tool, identifying distinct
vibrational modes in complex samples and facilitating the selective detection of individual
analytes [5]. For example, in cancer diagnosis, reliable biomarker identification remains
a major challenge due to the limited sensitivity of current devices, which often results in
false negatives. Among different biomarkers, protein-based indicators—such as antibodies
and antigens—are widely used [6,7], which include prostate-specific antigen (PSA), carci-
noembryonic antigen (CEA), cancer antigen 125 (CA125), and a-fetoprotein (AFP) [8]. As a
particular case, elevated levels of AFP in adults indicate certain pathological conditions
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that include different types of malignant neoplasms, such as liver cancer [9-11], and are
also associated with ovarian, gastric, and lung cancers [12].

In recent years, several nanostructured platforms have been studied to improve AFP
detection by SERS systems. Xinyu He designed Ag/Au nanocomposite chips capable
of detecting AFP in healthy and diseased individuals [13]. On the other hand, Aonan
Zhu later introduced a detection platform based on gold honeycomb nanostructures [14].
At the same time, Hao Ma reported a system using gold nanoparticles with dual signal
amplification based on Raman frequency and intensity shifts [15]. Furthermore, most
previous strategies rely on solid substrates with the use of Raman reporter molecules
or complex immobilization steps, which limit their applicability in real-time or liquid-
phase diagnostics.

Usually, SERS biosensors consist of a sandwich immunoassay using two antibodies: a
capture antibody and a detection (or enhancement) antibody, with the antigen ‘sandwiched’
between them [16]. Recently, SERS-based AFP immunosensors using a monoclonal anti-
body for the best specific capture of the antigen and a polyclonal antibody anchored to
metal nanoparticles to improve the sensitivity, where a Raman reporter is also linked, have
been reported [17-19]. The monoclonal antibodies guarantee high molecular specificity,
which leads to the minimization of cross-reactivity with structurally similar proteins in
complex biological matrices such as serum. This selective recognition facilitates the effective
localization of AFP molecules onto SERS-active regions, particularly at electromagnetic hot
spots formed between nanostructures, where the Raman signal intensity is significantly
enhanced. On the other hand, the use of monoclonal antibodies offers consistent binding
affinity and epitope targeting, which improves the reproducibility and reliability of the
detection system. Their well-defined functional groups also allow for stable and oriented
surface immobilization on noble metal substrates, maintaining bioactivity and optimizing
the proximity of the analyte to the enhancing surface. In general, the integration of AFP
monoclonal antibodies is essential to achieve robust, sensitive detection based on the vibra-
tional modes of AFP without the need to use external Raman reporters (methylene blue,
Rhodamine, etc.) [18,20].

Among metallic nanostructures, Au-Ag nanostars have demonstrated exceptional
SERS enhancement due to their sharp tips, where the electromagnetic field is concentrated,
amplifying the Raman signal by several orders of magnitude [18,19]. However, despite
this remarkable performance, studies using nanostar-based systems for AFP detection
are currently still limited. For instance, J. Zhao conducted a SERS immunoassay using
4-mercaptobenzoic acid (4-MBA) as a Raman reporter and silicon-coated Au/Ag nanostars
on a nitrocellulose membrane [17], obtaining a limit of detection (LOD) of 0.72 pg/mL and
a wide and clinically relevant linear detection range from 3 pg/mL to 3 mg/mL. Recently,
Kang Yang et al. proposed a facile immunoassay that used gold nanostar-labeled rabbit
anti-AFP as a capture antibody and gold nanoparticle-conjugated goat anti-rabbit IgG as
an enhancement antibody for the construction of a detection strategy for AFP analysis, but
their characterization was limited to UV light absorption [21].

Building upon these efforts, the present study introduces an aqueous, reporter-
free SERS platform based on Au-Ag nanostars functionalized with mercaptopropionic
acid (MPA), 1-Ethyl-3-(3-dimethylaminol-Ethyl-3-(3dimethylaminopropyll) carbodiimide
(EDC), and N-Hydroxy succinimide (NHS). SERS technology was used for the detection of
the AFP biomarker through covalent immobilization of anti-AFP monoclonal antibodies
(AFP-Ab) using EDC/NHS coupling, followed by specific recognition of the AFP antigen.
This reporter-free system operates entirely in the liquid phase by monitoring the intrinsic
vibrational modes of biomolecular interactions without relying on solid substrates or Ra-
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man reporter molecules. The proposed approach provides a sensitive and scalable strategy
for AFP detection, with strong potential for early-stage cancer diagnostics.

2. Materials and Methods
2.1. Materials

Tetrachloroauric acid (HAuCly-3H,0O), silver nitrate (AgNOj3), L-ascorbic acid,
polyvinylpyrrolidone wt. 40,000 (PVP), mercaptopropionic acid (MPA), 1-Ethyl-3-(3-
dimethylamino1-Ethyl-3-(3dimethylaminopropyll) carbodiimide (EDC), N-Hydroxy suc-
cinimide (NHS), and bovine serum albumin (BSA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA), sodium chloride (NaCl; Meyer, Mexico), monoclonal anti-x-
fetoprotein antibodies (AFP-Ab; MyBioSource, San Diego, CA, USA), and «-fetoprotein
antigens (MexLab, Jalisco, Mexico).

2.2. Synthesis of Nanostars

For the specific fabrication of Au-Ag nanostars, solutions of 0.25 mM tetrachloroauric
acid (HAuCly-3H;0), 1 M sodium chloride (NaCl), and 3 mM silver nitrate (AgNO3) were
prepared. Following this step, ascorbic acid at a concentration of 100 mM was added and
mixed, immediately followed by adding 0.1% (w/w) polyvinylpyrrolidone (PVP). Finally,
the samples were stored at 4 °C. The samples were transferred to vials and cleaned with
deionized water, performed at 7000 rpm for 10 min, where the excess solution was removed,
leaving only the nanostar concentrate. This process was repeated one, three, and six times,
yielding 10, 30, and 60 min sample groups.

2.3. SERS Evaluation of Au-Ag Nanostars Using MB and MPA

To evaluate the SERS performance of the nanostar samples, two probe molecules,
methylene blue (MB) and mercaptopropionic acid (MPA), were used. For MB analysis, 20 uL.
of each nanostar concentrate was mixed with 10 uL of MB at concentrations of 1 x 107> M
(High-MB), 1 x 107 M (Mid-MB), and 1 x 10~7 M (Low-MB). All measurements were
performed in the liquid phase without incubation. For MPA-based analysis, 20 puL of
each nanostar sample was combined with 10 pL of MPA at concentrations of 1 x 1073 M
(High-MPA), 1 x 10~* M (Mid-MPA), and 1 x 10=> M (Low-MPA), followed by a 1 h
incubation prior to SERS measurement.

2.4. Bioconjugation of Au-Ag Nanostars with AFP Antibodies and Antigens

The nanostars were functionalized using MPA at Mid-MPA concentration (1 x 1074 M)
with an incubation time of 1 h. Subsequently, EDC and NHS were added at 10 mM each
and incubated for 30 min to activate the carboxyl groups. The AFP-Ab were added at
concentrations of 167, 100, 71, 56, 45, and 38 ng/mL, followed by a 30 min incubation and
washing at 7500 rpm for 10 min. Subsequently, the samples were treated with bovine serum
albumin (BSA) for blocking and washed. The samples were then analyzed using SERS and
UV-Vis spectroscopy. Afterwards, the AFP antigen was added at 500, 250, 50, and 0 ng/mL,
followed by a 30 min incubation. Finally, the samples were washed and subjected to SERS
and UV-Vis analysis.

2.5. Optical and Morphological Characterization

SERS measurements were carried out using an Ocean Insights QE Pro Raman spec-
trometer with a 785 nm laser. Optical properties were assessed by Thermo Scientific
Genesys 50 UV-Vis spectrophotometer in the 350-900 nm range. Nanostar concentrates
were tested for SERS evaluation by adding MB at High-MB, Mid-MB, and Low-MB levels
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without incubation. Nanostar morphology and EDS were characterized using a JEOL
JSM-7600F Field Emission Scanning Electron Microscope.

3. Results and Discussion

The SEM image in Figure 1a shows nanostars with diameters between 150 and 180 nm,
with tip lengths between 20 and 30 nm. UV-Vis absorption in Figure 2b confirmed the
presence of nanostars in the solution, showing broad plasmonic bands consistent with the
Au-Ag structures described previously [22-33]. As described in the literature [24,34,35],
polyvinylpyrrolidone (PVP) acts as a stabilizer by adsorbing onto the nanostar surface,
preventing aggregation and preserving colloidal stability. We performed EDS-SEM analysis,
which showed that the nanostars are an alloy of gold and silver [36]. The estimated atomic
ratio was ~80% Au and 20% Ag.

NSs

Absorbance (a.u.)

T T T T
300 400 500 600 700 800 900
Wavelenght (nm)

Full Scals 633 o1z Cursor: 0.000 : Electron Image 1
Element App Intensity ~ Weight%  Weight%  Atomic%
Conc. Corrn. Sigma
Agl 0.15 0.7145 11.37 1.61 18.97
AuM 1.57 0.9865 88.63 1.61 81.03
Totals 100.00

Figure 1. (a) SEM image of Au-Ag nanostars showing sharp-tipped morphology. (b) UV-Vis absorp-
tion spectra of nanostar samples, confirming their plasmonic behavior in the 300-900 nm range, and
(c) EDS-SEM analysis.
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Figure 2. (a) SERS spectra of methylene blue (MB) at High-MB (1 x 10~> M), Mid-MB (1 x 10~° M),
and Low-MB (1 x 10~7 M) concentrations for Au-Ag nanostar samples from the 10 min, 30 min, and
60 min groups. (b) SERS spectra of mercaptopropionic acid (MPA) at High-MPA (1 x 1073 M) (black
square), Mid-MPA (1 x 104 M) (red dot), and Low-MPA (1 x 10~> M) (blue triangle) concentrations
for the same sample groups. (c,d) Intensity of the 1624 cm ™1 MB (c) and 935 cm ™~ MPA (d) vibrational
modes as a function of centrifugation time.

As an initial strategy for analyte identification via Raman spectroscopy, MB was
employed in conjunction with star-shaped nanostructures, owing to its well-defined vibra-
tional modes that enhance spectral reproducibility. Its high chemical stability and strong
affinity for metallic surfaces enable efficient adsorption onto gold and silver nanostructures,
thereby facilitating optimal coupling with surface plasmons. This interaction significantly
enhances the Raman signal intensity, making MB a suitable molecular probe for evaluating
the performance of the SERS substrate [22,23]. SERS measurements using MB identified
characteristic vibrational modes at 450, 504, 675, 772, 889, 954, 1039, 1074, 1185, 1303, 1399,
1505, and 1624 cm ™!, in agreement with values of previous studies [37-41]. As shown in
Figure 2a, the 10 min, 30 min, and 60 min samples were tested with High-MB and Mid-
MB concentrations. Signal intensity increased with nanostar content, indicating a direct
correlation between nanostructure density and electromagnetic field enhancement. At
Low-MB concentration (1 x 10~7 M), no signal was detected in any sample. The 1624 cm ™!
peak intensity, plotted in Figure 2c¢, highlights the superior SERS activity of the 60 min
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group. The analytical enhancement factor (AEF) was calculated for methylene blue with a
concentration of 1 x 10~* M with an intensity of 93.5 a.u. and an intensity of 23 a.u. for a
concentration of 1 x 1078 M. It should be noted that the measurement for these samples
was carried out immediately, which influences the adsorption of the molecule and therefore
its AEF.

The MPA was selected due to its bifunctional nature, featuring a thiol group (-SH)
that enables covalent bonding with metallic surfaces such as gold and silver, and a carboxyl
group (-COOH), which can be utilized for the immobilization of biomolecules, including
antibodies and antigens [24,25]. MPA interaction with the nanostar surface was also
evaluated. Vibrational modes at 661, 739, 935, 1294, and 1415 cm ! were detected, consistent
with the interaction and bonding between MPA and Ag [42—47]. Notably, no signal was
observed for the 10 min group at High-MPA, likely due to nanoparticle destabilization
by MPA acidity at high concentrations. In contrast, clear SERS signals were obtained for
Mid-MPA and Low-MPA, particularly in the 30 min and 60 min groups, where increased
nanostar density improved field localization (Figure 2b,d). The 935 cm~! mode intensity
followed the same trend, confirming effective analyte—nanostar interaction.

Following MPA optimization, the samples were functionalized with MPA, EDC, and
NHS. It is known that the capture of antigens through the use of antibodies (immunoassays)
immobilized on surfaces of metallic nanostructures has been widely used for the generation
of biosensors that seek to improve the early diagnosis of cancer [26,27].

This process was carried out in two main stages. In the first stage, self-assembled
monolayers (SAMs) were formed by anchoring a monolayer onto the surface of the nanos-
tars. MPA was used as a functionalizing agent due to its ability to form stable bonds
on metal surfaces. In the second stage, the surface was chemically activated with EDC
and NHS for the coupling of biomolecules [26]. The activation of the carboxyl groups in
the SAM by EDC and NHS generates a surface capable of forming covalent bonds with
the amino groups of the biomolecule [27]. Raman measurements were performed on the
functionalized samples, identifying the characteristic vibrational modes of the compounds.
Figure 3 shows the vibrational modes located at 663, 745, 843, 928, 1270, and 1377 cm 1
of the nanostars with the SAM. These vibrational modes are attributed to the MPA, EDC,
and NHS on the surface of the nanostars (NSs-MEN). The presence of these bands in the
spectrum confirms the formation of covalent bonds between the carboxyl groups of MPA,
EDC, and NHS [1-6]. Finally, the inset of Figure 3 shows the absorption spectra of the
nanostars before and after functionalization with MPA, EDC, and NHS, where a red shift
in the absorption spectrum is observed, attributed to the adsorption of these molecules on
the surface of the nanostructures. Furthermore, this type of spectral shift is known to be
consistent with the formation of molecular layers at the metal interface [48,49].

After functionalization with MPA, EDC, and NHS, alpha-fetoprotein antibodies, AFP-
Ab (NSs/MEN/AFP-Ab), were added at various concentrations (167, 100, 71, 56, 45, and
38 ng/mL). The vibrational modes of the antibody are shown in Figure 4a as well as in
Table 1, where the key vibrational modes and their biomolecular assignments are sum-
marized [28,37,38]. Meanwhile, the vibrational modes at 611, 1015, and 1600 cm ! can
be attributed to phenylalanine, an amino acid present in proteins [39]. The bands at 290
and 1600 cm ™! suggest the contribution of tyrosine and tryptophan, indicating protein
composition [40,50]. In addition, the bands observed at 1251, 1570 cm~! correspond to
secondary structural elements present in proteins, which may be associated with the anti-
bodies and antigens added in the assay [42,43]. Likewise, the peaks at 728, 1290, 1322, and
1486 cm ™! can be associated with lipid components from cell membranes or residual con-
taminants [44]. Other authors associate the modes at 1322 and 1570 cm !, which are linked
to nitrogenous bases such as adenine and guanine, suggesting the presence of DNA [51,52].
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Finally, the band at 1405 cm ™! can be assigned to the carboxylate group (COO™) [51-56],
associated with proteins and thus with the antibodies and antigens included in the as-
say. This vibrational mode, related to COO™ deformation and amide functional groups,
was an indicator of protein adsorption. The SERS signal decreased with lower antibody
concentration, with 45 ng/mL as the lowest detectable limit in this system. The sample
functionalized with 167 ng/mL of AFP-Ab was used as the reference for antigen detec-
tion due to its highest baseline SERS signal. Subsequent incubation with AFP antigens
(NSs/MEN/AFP-Ab/ Anti) at 500, 250, 50, and 0 ng/mL concentrations resulted in a change
in SERS intensity (Figure 4b). These variations are attributed to antigen—antibody binding
on the nanostar surface. The SERS substrate was functionalized with a fixed amount of anti-
AFP antibodies, followed by the addition of antigen standards at increasing concentrations,
including the zero standard (absence of antigen). After the incubation and washing steps
corresponding to the zero standard, a persistent Raman signal attributable to the antibody
was observed, which is highlighted within the red box in Figure 4b and indicated by the
red dot in Figure 4c. This baseline signal originates from the vibrational fingerprint of
the antibody itself, which contributes characteristic bands upon its immobilization on the
gold nanostructured surface. The covalent attachment is achieved through the formation
of SAMs using MPA and chemical activation with EDC/NHS, ensuring the antibody’s
stability at the metal interface and its effective coupling with the SERS hotspots. The subse-
quent increase observed after antigen addition is therefore attributed to antigen—antibody
complex formation, which further stabilizes and reorganizes the biomolecular layer at
the interface, thereby enhancing the spectral signal obtained. This configuration allows
the characteristic vibrational modes of the antibody, particularly those associated with
aromatic residues such as phenylalanine, tyrosine, and tryptophan, to remain detectable in
the Raman spectrum even in the absence of the antigen [57-63]. Furthermore, since both
the antibody and the AFP antigen are proteins, they share a similar chemical composition,
which results in overlapping vibrational modes in their respective spectrum. This spectral
similarity may complicate direct differentiation between the two; however, it does not
preclude it, as specific antigen-antibody interactions can induce conformational changes or
activate additional vibrational modes that enable their distinction with sufficient spectral
resolution [64—-66].

Absorbance (a.u.)

w0 [ 0 &0 700 ) %0
Wavelenght (nm)

Intensity (a.u.)

AL

600 800 1000 1200 1400 1600

1800
Raman shift (cm™)
Figure 3. SERS spectra obtained from Au-Ag nanostars functionalized with MPA, EDC, and

NHS (MEN), accompanied by the absorption spectra of the nanostructures before and after the
functionalization process.
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Figure 4. (a) SERS spectra of Au-Ag nanostars functionalized with antibodies at concentrations of
167,100, 71, 56, 45, and 38 ng/mL. (b) SERS spectra of the same nanostars after incubation with AFP
antigens at 500, 250, 50, and 0 ng/mL, the red box highlights the vibrational mode at 1405 cm~ L,
which is characteristic of both antibodies and antigens. (c) Intensity of the 1405 cm~! vibrational
mode as a function of antibody and antigen concentration, and the red dot represents the persistent
Raman signal attributable to the antibody.

Table 1. Vibrational modes observed in the synthesized samples and their assignment based on
reports in the literature.

Peak Position (tm~1)  Assignment

611 w v(C-C), T phenylalanine, protein

778 w v(C-S, C-C), protein, CH, rocking, C-N (membrane
phospholipid head)

884 w backbone, proteins C-C skeletal

1015 S v(C-C), symmetric ring breathing mode of phenylalanine

1141 M v(C-N, C-C), skeletal

1251 S amide III

1290 S CH3CHy, 7 of lipids, collagen, tryptophan

1322 S CH3CH,, v of collagen and polynucleotide chain (DNA bases)

1405 COO-

1468 VS §(CHy), lipids, v(C-H), proteins (collagen)

1570 S DNA, adenine, guanine, C=C, §(N-H), v(C-N), amide II

1600 S v(C=C), phenylalanine, tyrosine, amide I

Notation: S—strong, M—medium, VS—very strong, w—weak, v—stretching vibration, T—twisting, y—wagging,
d—deformation.

Figure 4c shows the intensity trend of the 1405 cm ! mode across antigen concen-
trations. Interestingly, this signal increased with higher AFP levels, suggesting that the
formation of the antigen—antibody complex may reorganize or stabilize surface binding
sites, thereby enhancing the SERS response. This response in signal intensity may be due
to the increase in antigens, since, as they are the same protein blocks, they contribute to
the same vibrational modes as the antibody, thus increasing the signal in the spectra. As
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shown in Figure 4c, the 1405 cm~! vibrational mode is consistently present in the samples,
corresponding to the symmetric stretching of the carboxylate group (COO™) in proteins.
This feature reflects the covalent immobilization of antibodies at the gold surface and
becomes more intense upon antigen addition, suggesting reinforcement of the biomolecular
layer after antigen—antibody binding. Other vibrational modes are observed for the system
with antibodies and antigens at 1251 and 1570 cm~1 associated with amide I1I and amide
I1. For the mode at 1605 cm™! attributed to the amide I band, this vibrational mode was not
only detectable for the samples exclusively with the AFP antibody, but when adding the
antigen to the system, the Raman intensity increases, which suggests its presence.

The limit of detection (LOD) of the antigen was determined using the Raman intensity
of the 1405 cm ! vibrational mode in the analyzed samples. The calculation was based on
the following equation [67]:

(I,.s—B
S ) M

where M represents the slope and B the intercept obtained from the linear regression of

LOD =

the calibration curve (SERS intensity vs. antigen concentration). The reference intensity
(Iref) was defined as the signal of the blank (zero standard) adjusted by the variability of the
measurements, according to the following;:

Iref = Iplank + 30 2)

Here, Iy, corresponds to the SERS intensity of the blank sample, and ¢ is the stan-
dard deviation of blank measurements. Thus, the criterion of Iy, + 30 ensures that the
LOD corresponds to the lowest antigen concentration that produces a measurable signal
significantly above the statistical variation in the blank. Based on the calculations, a limit of
detection of 16.73 ng/mL was determined for antigen detection.

Although our system does not present such a low detection limit as some works
presented by [68-70], it is important to note that most of them depend on solid substrates,
complex systems, or the use of Raman reporter molecules, which limits their scalability
and applicability in the liquid phase. For its part, our approach introduces an aqueous
SERS platform, free of Raman reporters, based on Au-Ag nanostars functionalized with
MPA, EDC, and NHS. The covalent immobilization of anti-AFP antibodies and the specific
recognition of the antigen is generated in a liquid phase, directly monitoring the vibrational
modes of biomolecular interactions, without the need for labels, which makes it a promising
system for the detection of AFP.

The samples prepared and analyzed by SERS were also characterized by ultraviolet-
visible (UV-Vis) spectroscopy. This analysis was used to monitor variations in the surface
plasmon band of the nanostars during the MPA functionalization processes, as well as
activation with EDC-NHS and subsequent biofunctionalization with antibodies and AFP
antigens. At each stage, it was possible to observe shifts in the absorption band toward
longer wavelengths, demonstrating the progressive incorporation of each molecular build-
ing block into the surface of the nanostructures, thus acting as a complementary test to
the results obtained by SERS. For this analysis, a standard concentration of 167 ng/mL of
anti-alpha-fetoprotein antibodies was used as a reference (Figure 5a). The morphology and
dimensions of Au-Ag nanostars play a fundamental role in determining the position and
intensity of their optical absorption bands, mainly due to their influence on localized sur-
face plasmon resonances. Furthermore, dipolar electrostatic interactions between adjacent
nanostructures and target molecules, along with specific molecules (such as antibody-
antigen recognition binding on the nanostar surface), can induce measurable changes in the
absorption spectrum. These effects are strongly dependent on the interparticle distance and
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surface conditions [51,58]. AFP antigen concentrations of 0, 50, 250, and 500 ng/mL were
evaluated, revealing that increasing the concentration of alpha-fetoprotein (AFP) leads to a
progressive decrease in the system’s absorbance (Figure 5b). This behavior is attributed to
nanostar aggregation induced by immunocomplex formation [67-72].

(b)

Abs (a.u.)
Abs (a.u.)

«+++ AFP-Ab: 167 ng/mL [=-— NSs
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Figure 5. (a) UV-Vis absorption spectrum of Au-Ag nanostars functionalized with MPA, EDC, NHS,
and anti-AFP antibodies (NSs/MEN/AFP-Ab). (b) Absorption spectrum of the same nanostars after
incubation with AFP antigens (NSs/MEN/AFP-Ab/Anti) at different concentrations.

4. Conclusions

In this study, we developed a SERS platform based on Au-Ag nanostars for the detec-
tion of the cancer biomarker AFP. By adjusting the centrifugation time during synthesis, we
tuned the nanostar concentration and obtained optimal SERS enhancement using MB and
MPA as probe molecules. The system allowed the detection of AFP antibodies and antigens
in the liquid phase. Characteristic vibrational modes were identified across different con-
centrations, and UV-Vis spectra confirmed molecular interactions on the nanostar surface.
The limit of detection (LOD) of the antigens was determined to be 16.73 ng/mL. These
results demonstrate the proof-of-concept applicability of Au—Ag nanostars as biosensing
elements for AFP detection, while further studies with real and spiked samples will be
required to evaluate their potential in clinical diagnostics.
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