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Purpose: Development of SERS-based Raman nanoprobes can detect the misfolding of Amyloid beta (Aβ) 42 peptides, making them 
a viable diagnostic technique for Alzheimer’s disease (AD). The detection and imaging of amyloid peptides and fibrils are expected to 
help in the early identification of AD.
Methods: Here, we propose a fast, easy-to-use, and simple scheme based on the selective adsorption of Aβ42 molecules on SERS 
active gold nanoprobe (RB-AuNPs) of diameter 29 ± 3 nm for Detection of Alzheimer’s Disease Biomarkers. Binding with the 
peptides results in a spectrum shift, which correlates with the target peptide. We also demonstrated the possibility of using silver 
nanoparticles (AgNPs) as precursors for the preparation of a SERS active nanoprobe with carbocyanine (CC) dye and AgNPs known 
as silver nanoprobe (CC-AgNPs) of diameter 25 ± 4 nm.
Results: RB-AuNPs probe binding with the peptides results in a spectrum shift, which correlates with the target peptide. Arginine 
peak appears after the conjugation confirms the binding of Aβ 42 with the nanoprobe. Tyrosine peaks appear after conjugated Aβ42 
with CC-AgNPs providing binding of the peptide with the probe. The nanoprobe produced a strong, stable SERS signal. Further 
molecular docking was utilized to analyse the interaction and propose a structural hypothesis for the process of binding the nanoprobe 
to Aβ42 and Tau protein.
Conclusion: This peptide–probe interaction provides a general enhancement factor and the molecular structure of the misfolded 
peptides. Secondary structural information may be obtained at the molecular level for specific residues owing to isotope shifts in the 
Raman spectra. Conjugation of the nanoprobe with Aβ42 selectively detected AD in bodily fluids. The proposed nanoprobes can be 
easily applied to the detection of Aβ plaques in blood, saliva, and sweat samples.
Keywords: Alzheimer’s disease, nanoparticles, amyloid beta, surface enhanced Raman spectroscopy

Introduction
Neurodegenerative illnesses are severe diseases that are caused by neural circuit failure and cell loss. These degenerative 
disorders gradually deteriorate the patient’s memory, reasoning skills, cognitive learning, emotional sentiments, and 
mental faculties. One of the most notable features of neurodegenerative diseases is that their risk increases with age.1 As 
life expectancy continues to rise, the proportion of people suffering from various forms of neurodegenerative illnesses 
increases. Alzheimer’s disease (AD), described by the World Health Organization (WHO), is a progressive neurological 
disease that is the most common cause of dementia among individuals older than 65.2 AD is a form of brain disorder that 
causes functional loss in a person’s daily activity. It has several clinical symptoms, such as a continuous decline in 
thinking, disturbances in behavior and personality, depression, anxiety, and difficulty in organizing thoughts.3,4 

According to the Alzheimer’s and Related Disorders Society of India (ARDSI) Dementia India Report 2010, 
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approximately 3.7 million Indians were suffering from dementia in 2010, with the figure anticipated to rise to 
7.6 million5 by 2030. More than 5.2 million Americans and 35.6 million individuals worldwide suffer from 
Alzheimer’s, and these numbers are expected to skyrocket by 2050.6–8 AD is characterized based on the age at which 
the first symptoms appear. Early disease affects people under the age of 65 years, accounting for roughly 4–6% of all 
instances of the disease, whereas late-onset Alzheimer’s disease affects those older than 65 years. However, the age at 
the onset of symptoms, as well as the early and late stages of Alzheimer’s disease, differ in neuropathological, clinical, 
neuroimaging, and cognitive factors.9 Previous research has demonstrated that the major cause of Alzheimer’s disease 
(AD) is the aggregation and uneven deposition of Aβ peptides in the brain. The major components of AD are associated 
with amyloid plaques are Aβ40 peptides but also the more toxic Aβ42 species,10 which is characterized by two amino 
acids that are generated by the breakdown of amyloid precursor protein (APP) by β and ν secretase.11 The most crucial 
point to emphasize is that the molecular phase of aggregation of amyloid begins long before obvious clinical alterations 
arise. Therefore, the identification of amyloid peptides and fibrils may aid in the diagnosis of AD.12

Symptoms include a mix of psychological questionnaires, and bio-imaging technologies, namely computerized 
Positron Emission Tomography (PET), Magnetic Resonance Imaging (MRI), and computed tomography (CT), are 
used to diagnose neurodegenerative diseases.13,14 The degenerative pathophysiological mechanism of AD is assumed 
to begin several years before clinical manifestation, resulting in non-specific symptoms before clinical diagnosis 
of AD can be obtained.15 Because dementia differential diagnosis is mainly based on medical criteria, it is frequently 
a complex and challenging process.16 The above methods are considered to have low accuracy, subjective, and not 
predictive of disease onset. Biomarkers are one of the most promising diagnostic methods because they can accurately 
and reliably measure the presence of a disease. Several possible biomarkers have been investigated for their ability to 
detect AD in its initial stages. Rapid and emerging advances in vibrational spectroscopy and advanced therapeutic 
nanoparticles for biomedical applications provide an opportunity to explore numerous biochemical indicators of illness 
through their comprehensive spectroscopic signature. It has been discovered to be ideal for diagnosing Alzheimer’s 
disease at an early stage because it is noninvasive and nondestructive to the human brain and physiological organs. 
Recent studies have shown that Raman spectroscopy can diagnose many ailments.17 Alzheimer’s, and Parkinson’s 
disease have all been diagnosed using Raman spectroscopy.18–21 These nanoparticles may be utilized for molecules 
and target cells with great compatibility and specificity when conjugated by bio-molecular targeting ligands, peptides, 
antibodies, or compounds.22–27 The association of organic dye with SERS-based nanoparticles is critical in the 
identification of Aβ peptides in vivo.

Aβ peptides exist in the brain in various forms, including soluble, membrane-associated, and intracellular species, 
which may play a greater role in dementia than those found in extracellular plaques. Aβ fibrillization includes converting 
soluble monomers into insoluble oligomers and highly organized fibrils. These fibrils are made up of stacked β-sheets 
with hydrogen bonds.28,29 Alzheimer’s disease diagnosis is complicated. Amyloid PET imaging30,31 has the potential to 
be a significant advancement in the evaluation of people with cognitive impairment. The scan reveals plaques in the 
brain, which are suspected of causing nerve cell damage and death in Alzheimer’s. Before amyloid PET, these plaques 
could only be diagnosed by studying the brain after an autopsy. Several approaches are being used to evaluate amyloid-β 
disease in vivo. Aβ42 levels in cerebrospinal fluid (CSF) correspond to soluble amyloid-β levels in the brain.32–34 The 
procedures described above are time-consuming and harmful for patients due to radiation emitted by the equipment and 
the difficulties in collecting CSF fluid for testing. As a result, our SERS-based amyloid detection outperforms existing 
traditional approaches due to its ease of use, convenience, and timeliness.

Circulating Aβ peptides have a vital role in Alzheimer’s disease pathogenesis. Aβ peptides are produced in significant 
amounts outside of the CNS by skeletal muscle, platelets, and vascular walls.35–37 Non-neural tissues that express AβPP 
include the pancreas, kidney, spleen, heart, liver, testis, aorta, lung, intestines, skin, adrenal, salivary, and thyroid glands. 
To overcome the previously sensitive sample collection and time-consuming analysis, we developed a non-destructive 
SERS-based nanoprobe for in-vivo examination of affected samples. A previous study on Terahertz (THz) spectroscopy38 

of Aβ42 monomers, oligomers, and fibrils reveals intraband splitting around the highest occupied (HOMO) and lowest 
unoccupied (LUMO) molecular orbital levels. Through SERS-based probe, chemical enhancement is due to charge 
transfer between the metal substrate and adsorbed molecules. Charge transfer occurs by Raman resonance, which alters 
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the adsorbate’s electronic states. The resonance allows for charge transfer between the adsorbate’s highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) at half the energy of intramolecular 
excitations. These investigations indicate that the electronic energy structure of Aβ varies dramatically during aggrega-
tion. Direct assessment of electronic energy levels, including electron affinity and ionization potential, is necessary to 
fully comprehend the development of band structures in Aβ aggregates. In our study, we can understand the mechanism 
and structural changes that occurred in Aβ42 at the molecular level by SERS active nanoprobe. This peptide probe 
interaction can reveal that binding with Aβ42 peptides restricts molecule rotations and vibrations, requiring more energy 
to be released by photon emission. This results in improved structural information and also in the future perspective it 
will help in early detection of Aβ 42 from bodily fluids by using Raman spectroscopy.

In this study, we demonstrated the highly sensitive and rapid detection of AD. Raman imaging was made possible by 
conjugating RB and CC’s distinctive SERS spectrum with gold nanoparticles and silver nanoparticles. RB and CC have 
a high affinity for Aβ peptides, making them an effective inhibitor of Aβ aggregation. The adsorption of a variety of 
charge-negative pigments on the outermost layer of gold and silver colloidal particles was investigated.39 Inspired by this 
phenomenon, we proposed spherical shape Raman nanoprobes RB-AuNPs and CC-AgNPs. The average diameter of both 
the nanoprobes was found to be approximately 29 nm. The AuNPs were functionalized by covalent conjugation with 
Rose Bengal (C20H2Cl4I4O5Na2). Highly efficient surface enhanced Raman spectra were observed using RB dye with 
AuNPs39,40 and CC dye with AgNPs. From these spectra, we can conclude that the conjugation of the RB dye and amine- 
functionalized AuNPs shows significant features in detecting Aβ42 peptides as a Raman probe. Similarly, the conjugation 
of 1.1-diethyl-2,2-carbocyanine iodide (pinacyanol iodide) with AgNPs has shown important features for binding with 
Aβ peptides, which can be an efficient nanoprobe for Raman spectrometry. In this study, we proposed a Raman system 
with a conjugated nanoprobe for the detection of Aβ42 isoform peptides. The key characteristics of the proposed method 
are as follows: (1) Raman spectroscopy can distinguish between chemical structures that include the same atoms in 
various configurations. (2) It is nondestructive and noninvasive; therefore, the sample can be analyzed multiple times 
without damage. (3) Raman microscopes allow for the management of collection volumes ranging from minute quantities 
of material less than 1 µm in size to centimeters in size. (4) Although the sample is enclosed within a transparent vessel 
(eg, vial or capillary tube) or a cell with an opening for viewing (eg, temperature or pressure cell), collecting content-rich 
information is straightforward. And last but not least (5) The nanoprobe fabrication is a simple, fast, and cost-effective 
process.

Materials and Methods
Aβ peptides are formed by proteolytic cleavage of a transmembrane protein known as amyloid precursor protein.41 

Improvement our understanding of the structures and biochemical properties of Aβ will improve our understanding 
of AD to the molecular extent. Aβ monomers aggregate into various types of assemblies such as oligomers and amyloid 
fibrils. These amyloid fibrils are insoluble, large, and can further aggregate into amyloid plaques, which may spread 
throughout the brain. In our study, we used the longest chain of this peptide, Aβ42. The main pathogenic component is 
considered to be the Aβ42 peptide because of its high toxicity and rapid fibrillation rate.

Amine-functionalized AuNPs with a diameter of 20 nm and Aβ42 were obtained from Sigma Aldrich Co. Spherical AgNPs 
with a diameter of 20 nm were purchased from SRLchem Pvt Ltd. RB dye (C20H2Cl4I4O5Na2), C25H25IN2- Pinacyanol Iodide 
(CC dye), 1-ethyl-3[3-dimethyl amino propyl] carbodiimide hydrochloride (EDC), 2-(N-morpholino) ethane sulfonic acid 
(MES), N-hydroxy succinimide (NHS), and NaOH solution were purchased from SRLchem Pvt., Ltd.

Instrumentation and Raman Measurement
Raman spectra were obtained using a WITec alpha300 RA Raman spectrometer (Oxford Instruments, Germany) to record 
the measurements of the RB-AuNPs nanoprobe with an electrically cooled CCD camera with a laser wavelength of 532 nm, 
600 lines/mm grating lines, 100X microscopic objective, and an accumulation time of 3s. To avoid any harm to the sample, 
the laser power was set to 5mW, the lateral resolution was 200 nm, and the spectral resolution was reduced to 0.1 relative to 
the wavenumbers. The scan range was 100×100×200 µm3 piezo stage. Because of the dissimilarity in the dried specimens, 
each drop was imaged in many spatial locations to capture the entire diversity of the sample. For Raman spectra 
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measurement of CC-AgNPs nanoprobe, the above instrumentation parameters remain the same except the laser power, it 
reduced to 0.5 mW to prevent any kind of damage to our sample.

For the measurement of Raman spectra, a suspension of the Aβ42 peptide solution was required. Therefore, an 
oligomeric solution of Aβ42 was prepared by treatment with NaOH, as described in a previous study42 with 
a modification. We dissolved 0.2 mg of lyophilized Aβ42 peptides (0.2 mL of NaOH solution (0.01M)). The reaction 
vessel was sonicated for approximately 1 min until amyloid peptides were completely dissolved. The peptide concentra-
tion was determined by UV absorbance at approximately 175 nm and 280 nm.43 The solution was stored at 2–8 °C. Then, 
after observing different concentrations of the Aβ42 peptide solution, we chose a concentration of 2 µg/mL mixed with 
the nanoprobes. The solution was then removed using a micropipette drop cast on a glass slide, washed thoroughly, and 
allowed to stand for 4 h. to dry for spectral measurements of the dried samples. All analyses and processing were 
performed using MATLAB software.

Simulation Study by Molecular Docking Method
Molecular docking was performed to gain insight into the interaction mechanism of Aβ with RB and CC dye. Amyloid 
beta was used as a receptor for the ligands RB and CC dye. The crystal structure of Aβ42 was downloaded from the PDB 
RCSB database (PDB ID: 6szf) and PubChem, respectively. The receptor was prepared for docking by removing 
heteroatoms and assigning Kollman and Gasteiger charges to the crystal structure of Aβ. The 3D structures of the 
compounds were downloaded from the SDF file format. The structures of the receptor and ligand were then converted to 
the pdbqt format using AutoDock tools. Finally, the prepared ligands were docked against the prepared Aβ42 receptor 
using Autodock Vina44 with a grid size (x = 27 Å, y = 27 Å, and z = 27 Å). Docking analysis was performed using 
Maestro.45

Preparation of Nanoprobe
To make gold nanoprobe (RB-AuNPs), we conjugated RB dye with amine-functionalized AuNPs with a diameter of 20 nm 
diameter40 as shown in Figure 1a. First, we have prepared 10µL of RB stock solution (10Mm) diluted with 500µL of 0.1M 
MES buffer with a PH value of 5. The reaction vessel was then supplemented with 6 mg NHS and 4 mg EDC HCL. The 
resulting mixture was slowly swirled at room temperature for 30 min while shielded from light. After RB was activated, we 
added 200µL of AuNPs standard solution (2.46 mg/mL) was added to the activated RB and stirred for the next 3–4 hrs at 
room temperature and shielded from light. The solution was then centrifuged at 13 K rpm for 10 min to extract the buoyant 
fluid. To separate the unconjugated dye, it was centrifuged twice in deionized water.

As illustrated by Figure 1b, for the preparation of–the CC AgNPs nanoprobe, we followed the above synthesis 
method same as the gold nanoprobe but made a small change after preparing the CC dye stock solution and added 200µL 
of AgNPs stock solution (2 mg/mL) with CC stock solution and stirred for 1–2 hrs at room temperature and protected 
from light. The solution was centrifuged for 10 min at 13 K rpm, and the supernatant was collected and centrifuged twice 
more with DI water to eliminate unconjugated CC molecules.

Characterization of Raman Nanoprobes
We compared the transmission electron microscopy (TEM) images of functionalized RB-AuNPs.40 RB-AuNPs average 
diameter of 29 ± 3 nm is demonstrated in Figure 2a. From the TEM images, we did not observe any noticeable alterations 
owing to the small size of the connected RB moieties in the center of the nanoparticles preceding and following 
conjugation. The TEM image of CC-AgNPs is demonstrated in Figure 2b. The average diameter of CC-AgNPs was 
found to be 25 ± 4 nm. We observed adsorption on the metal and bulk aggregation after the synthesis of CC-AgNPs. This 
bulk aggregation results in the production of tiny spheroidal aggregates with diameters ranging from 2 to 5 nm.

Figure 3a shows the absorption spectra of RB and RB-AuNPs. The absorbance peak of the RB-AuNPs was redshifted 
to 550 nm, and an additional small peak was observed at 585 nm when compared with the original RB dye and AuNPs. 
These modifications might be related to alterations in the surface environment,41 which is thought to be proof of the 
effective conjugation of RB and nanoparticles.46 The absorption spectra of CC and CC-AgNPs are shown in Figure 3b. 
Cyanine dyes are organic compounds that have substantial applications in imaging technology as spectrum sensitizers 
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due to their great absorption in the visible range and fluorescence capabilities.47 The absorbance peak of CC-AgNPs 
showed a redshift at 553 nm but decreased intensity due to increased adsorption of CC molecules on AgNPs. The CC 
concentration influenced a minor redshift (2–7 nm) and widening of the SPR band. These changes were caused by the 
plasmon coupling of neighbouring NPs and the local refractive index of the CC medium on the AgNPs.48 The α band at 
600 nm is greater intensity than precursor CC molecules.

Figure 4a demonstrates the FTIR spectra of the RB-AuNPs nanoprobe and nanoprobe with Aβ42. FTIR spectroscopy 
identifies N-H, O-H, C-H, and other vibrational bands as examples of functional groups. The peak at 1634 cm−1 assigned 
to C=O bonds, which are typical amide I bands. The broad peak at 3479 cm−1 shows N-H stretching of the amine modes. 
2065 cm−1 shows the C triple bond C symmetric stretch.49,50 After conjugation of the Aβ peptide with RB-AuNPs, we 
observe there is a change in derivatives of the peak between 950 and 1100 cm−1. 1054 cm−1 shows the O-C stretching of 
carboxylic acids and derivatives, and the peak at 1642 cm−1 is red-shifted and enhanced owing to clustering at 1642 cm−1 

Figure 1 Schematic diagram EDC/NHS facilitated conjugation of (a) RB-AuNPs nanoprobe, (b) CC-AgNPs nanoprobe.
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Figure 3 UV-VIS spectra of the nanoprobes RB-AuNPs and CC-AgNPs. (a) Absorption spectra of RB and RB-AuNPs, (b) Absorption spectra of CC and CC-AgNPs.

Figure 2 (a) TEM images corresponding to RB-AuNPs. (b) TEM images of the CC-AgNPs.

Figure 4 (a) FTIR spectra of RB-AuNPs nanoprobe and nanoprobe with Aβ42. (b) FTIR spectra of CC-AgNPs and CC-AgNPs with Aβ42.
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by amide I peaks known as β-sheet proteins.51 Figure 4b shows the FTIR spectra of the synthesized CC-AgNPs peaks at 
3525, 2923, 1636, 2072, and 1056 cm−1. Bands attributable to O-H stretching (approximately 3525 cm−1), aldehydic 
C-H stretching (2923 cm−1), C=O groups (1632 cm−1), and O-H stretching (1056 cm−1) were observed in the pure 
nanoparticles. When metal nanoparticles develop in solution, they must be stabilized against van der Waals forces of 
attraction, which might lead to coagulation. The existence of O-H stretching (approximately 3525 cm−1) was confirmed 
by FTIR analysis.49,50,52 The peak at 3525 cm−1 shifted to a shorter wavelength of 3474 cm−1 owing to the participation 
of the O-H or N-H bending of phenolic compounds found in Aβ42. The redshift occurred from 1636 cm−1 to 1639 cm−1, 
indicating peptide clustering on the surface of the probe, as the peak enhancement was found to be greater.

Results
Raman Analysis Process
The detection of molecules by Raman spectroscopy primarily depends on molecular adsorption on metal surfaces. 
However, in the nanosphere, the electric field that exists on the surface of the nanoparticle varies with distance from its 
metallic surface as {a/(a+d)}12 “d” is defined as the distance between molecules and nanoparticles, “a” is the radius of the 
nanoparticle, and this augmentation is of a short-range nature.53 Therefore, to achieve a high level of sensitivity in Raman 
spectra, analyte adsorption on the surface is essential. Amyloids and peptides are generally susceptible to adsorption 
on metallic nanoparticles via ionic forces, in addition to direct complexation with N- or S-containing amino acids such as 
cysteine, tryptophan, histidine, phenylalanine, and methionine.54,55 By carboxylic group linkage to the amine-functional 
group of AuNPs, RB molecules have been connected to amine-functionalized spherical AuNPs. We investigated amine- 
functionalized groups derived from a layer of pre-coated amine-functionalized polyethylene glycol. Non-spherical AuNPs 
(nano-triangles and nanostars) have been shown to generate greater surface-enhanced Raman spectra than spherical AuNPs. 
By conjugating RB with gold nanorods, RB can operate as an effective photosensitizer for PDT,56 resulting in increased 
photo-induced cytotoxicity.57 However, this strategy enhances the approach of the peptide to the metal surface, even though 
adsorption occurs in a relatively disorderly manner, resulting in plasmonic-mediated enhancement of Raman scattering.

Raman Analysis of Aβ42 Human
The Raman spectrum of the Aβ42 powder sample was obtained by confocal Raman spectroscopy, as shown in Figure 5. 
The Raman bands of proteins can be classified into two groups: (i) polypeptide backbones and (ii) amino acids in the side 
chain. The polypeptide backbone consisted of amide (I and III) bands and aromatic amino acids. Amino acids in the side 
chain describe H-bonding, intermolecular interactions, and aromatic amino acids are sensitive to the microenvironment, 
mainly phenylalanine (Phe) and aliphatic residues. Therefore, at 1001.3 cm−1, we detected the aromatic amino acid 
Phe.58 Because these band peptide structural alterations have little effect, they may be used to normalize the peptide 
Raman spectra. At 1234.8 cm−1, Amide III band corresponds to the β-sheet structure.59 This can also be linked with the 
Amide I band located at 1664.8 cm−1 with a β-turn structure.60 We have taken the spectra under dry conditions and 
minimum power without destroying the biomolecules of Aβ through a confocal Raman spectrometer.

From our Raman spectroscopy observations, the positions and widths of the amide I and amide III bands between 
1650–1700 cm−1 and 1200–1300 cm−1, respectively, were determined to be dependent on the peptide backbone 
conformations. The conformational transition from soluble, unstable protein to insoluble, β-sheet-rich amyloid may be 
seen as a shift of the amide-III band towards lower energies and constriction of the amide-I band during amyloid 
formation. These bands have special structural forms, as shown in the figure, which describes the amide I band formed by 
the bending of the C=O group (70–85%) and the C-N stretch group (10–20%). The amide II band is formed by NH2 

deformation in primary amides and the combined vibration of N-H bending (40–60%) and C-N stretching (18–40%) in 
secondary amides.61–64 The structure of the amide III band contains complicated mixed vibrations that can be associated 
with the amide I band. This is the corresponding structural information for the protein structure; therefore, additional 
details of amide I may be obtained. The amide II band structure could not be identified because it is a weak band that 
cannot be recognized in the absence of resonance stimulation. The side-chain vibrations have little effect, although the 

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S446212                                                                                                                                                                                                                       

DovePress                                                                                                                       
8277

Dovepress                                                                                                                                                         Garnaik et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


relationship between the secondary structure and frequency is less simple than that for the amide I vibration. Therefore, 
the major amide I and amide III bands justify the complete composition of Aβ42.

Raman Study of Nanoprobes with Aβ42 Peptides
The Raman spectrum of the RB-AuNPs (1µg/mL) prior to and following the insertion of 2µM Aβ42 is demonstrated in 
Figure 6. Spectral alterations occurred in the two primary peaks at 1491 cm−1 and 1615 cm−1. Aβ42 alters the spectra of 
RB-AuNPs. All the spectra were normalized. Raman spectral measurements of RB-AuNPs containing Aβ42 peptides 
showed bands corresponding to CH2 and amide I at 1491.4 cm−1 and 1615.5 cm−1, respectively. The antiparallel β-sheet 
structure is represented by Amide I.63 The 1068 cm−1 peak reflects phenylalanine, which may link the Aβ peptide to RB 
molecules. The two major peaks show spectral changes at 1491.4 cm−1 and 1615.5 cm−1. Aβ42 induced spectra changes 
in the RB-AuNP. These changes are associated with the mechanical deformation of RB aromatic rings sandwiched 
between AuNPs and Aβ42 peptides.65,66 The relative signal intensity at 1615.5 cm−1 underwent a much larger decrease 
than the signal at 1491 cm−1. The ratio between the two peaks (intensity at 1491 cm − 1 to the intensity at 1615 cm–1) 
changed from 0.21 to 0.36. In the free state, most of the energy from the excitation photons can be released by the 
rotations and vibrations of the RB molecules. Binding with Aβ42 peptides restricts molecular rotations and vibrations; 
therefore, more energy must be released by photon emission, causing an enhanced spectrum.67,68 We observed that the 
relative enhancement of RB-AuNPs was higher than that of individual RB. This is explained by the absorption of Aβ42 
peptides on the surface of RB-AuNPs, which leads to higher possibilities of interaction between Aβ42 and RB molecules. 
The rotations and vibrations of RB molecules can release the majority of the energy from the excitation photons in the 
free state, which results in comparatively low fluorescence emissions (RB Quantum Yield = 0.5% in PBS).69 When Aβ42 
peptides connect to the molecules, the molecular rotations and vibrations are constrained, which requires more energy to 
be released by photon emission, increasing fluorescence.70,71 To determine the optimal concentration for Raman 

Figure 5 Raman spectra of Aβ42 peptide human.
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detection, we studied several quantities of RB-AuNPs with 2 μM Aβ42. The spectra reveal clear characteristics when the 
concentration of RB-AuNPs exceeds 1 μg/mL. Due to the potential risk of RB and CC molecules, the concentration used 
for SERS detection of Aβ 42 was established at 1µg/mL as mentioned by the author in the previous study.40

The CC dye molecules were conjugated to spherical AgNPs on their surface. The Raman spectra of the conjugated 
nanoprobe CC-AgNPs, CC dye, and CC-AgNPs-Aβ42 are shown in Figure 7. From the figure, it was confirmed that CC 
molecules adsorbed on the surface of the AgNPs, as the 1003 cm−1 peak was enhanced after conjugation. There is 
a modest shift in the strength of two main peaks 1351.4 cm−1 and 1619.2 cm−1 modified after the addition of 2µM Aβ42 
peptide with CC-AgNPs (1µg/mL). The peaks at 840 cm−1, 1129 cm−1, and 1310.27 cm−1 show tyrosine peaks,72 which 
confirm the attachment of Aβ peptides to the nanoprobe, which will be discussed in a later section by molecular docking 
explanation. The secondary structure of polypeptides is intimately related to the backbone chain amide bands.60 

According to the examination of amide bands, Aβ42 transitions from the solid state β-sheet structure to a surface to 
alpha-helix (amide III band at 1234.9 cm−1 to 1310.17 cm−1)73 and having β-turn structure to antiparallel β-sheet 
structure (1668 cm−1, amide I to 1619.2 cm−1). For dry samples, the SERS spectra of Aβ42 were analyzed for amyloid, 
and Buividas et al also reported the final structure.60,74 Here, the intensity of the two major peaks underwent a much 
larger decrease after 2µM Aβ42 aggregation. This behavior demonstrates that as amyloid self-aggregates into spheroids 
that remain away from the metal surface, the number of peptide molecules providing the SERS signal diminishes. 
Compared with the Aβ42 spectra (Figure 5) after binding with the silver nanoprobe, there was a significant structural 
change: the Amide III band with a β-sheet structure changed to an α-helix structure, and the Amide I band β-turn 
structure changed to an antiparallel β-sheet structure. Here, the peak strength and signal enhancement are slightly lower 
than those of the AuNP probe, but we have a better structural analysis.

Table ST-1 shows the recent methods used to detect Aβ 42 for diagnosis of AD and their limitation irrespective of 
proposed method (Supplementary Table 1).

Figure 6 Spectral contribution of RB, RB-AuNPs, and RB-AuNPs-Aβ42 by using the confocal Raman system. Major peaks at 1491.4 cm−1 and 1615.5 cm−1 are observed to 
be greatly amplified following conjugation. The two major peaks showed intensity changes after interaction with the Aβ42 peptides.
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Molecular Docking Analysis
The goal of molecular docking in this study was to predict the binding pose and estimate the binding energy of the 
complex formed between amyloid beta (Aβ) and dyes (RB and CC). The arginine and phenylalanine residues of Aβ show 
good interactions with the ligand RB and CC dye. RB showed a docking energy of −6 kcal/mol, Arg5 formed a hydrogen 
bond with an iodine atom, and Phe19 showed Pi-stacking, as shown in Figure 8.

In the case of CC dye, an additional residue Tyr10 is also involved in π-stacking (Figure 9). The docking energy of 
CC dye was −6.5 kcal/mol. The overall docking results revealed that RB and CC dye showed good interactions with Aβ 
and could be used as biomarkers for the detection of Aβ in patient blood samples.

To understanding the utilization of developed nanoprobe for tau immunoassays, we performed the molecular docking 
study for the process of binding the nanoprobe to tau protein. The molecular docking analysis of Rose Bengal (RB) and 
Pinacyanol Iodide binding to Tau protein has provided insights into their binding affinity as shown in Figure SF-1 
(Supplementary Figure 1) and Figure SF-2 (Supplementary Figure 2). The calculated binding scores of −6 kcal/mol for 
RB and −5.7 kcal/mol for Pinacyanol Iodide underscore the interaction of both dyes for Tau protein. For RB, we 
observed two intermolecular halogen bonds with Cys291 and Gly292. Additionally, hydrophobic interactions with 
pivotal residues, such as Lys290, Asn296, Ile297, His299, and Pro301, also contribute to the stability of the RB-Tau 
complex. The presence of halogen bonding and multiple hydrophobic contacts emphasizes the specificity and strong 
binding of RB to Tau protein. In contrast, Pinacyanol Iodide formed hydrophobic interactions with His268, Gln269, 
Asn279, Gln288, and Ser289. Notably, the Pinacyanol Iodide-Tau complex reveals a salt bridge interaction, enhancing 
the overall stability. The collective results strongly affirm the notable affinity of both RB and Pinacyanol Iodide for Tau 
protein. The identified molecular interactions provide a deeper understanding of the binding mechanisms, laying the 
groundwork for the potential utilization of developed nanoprobes for Tau protein detection.

Figure 7 Raman spectra of CC dye, CC-AgNPs nanoprobe, CC-AgNPs nanoprobe with addition of 2μM Aβ42 peptides. Here the CC-AgNPs has an enhanced peak at 
1003cm−1 suggesting attachment of CC dye molecules with AgNPs surface. After the addition of Aβ42 the signal intensity changes at two major peaks at 1351.4cm−1 and 
1619.2cm−1.
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Conclusion
In this study, the authors suggested the conceptualization and creation of a SERS-active nanoprobes for identifying the 
presence of Aβ42. The existence of nanoparticles has been found to influence the fibrilization mechanism of amyloid 
peptides, and this phenomenon is seen as evidence for a possible biomarker in Alzheimer’s disease diagnosis. Before the 
peptides bind, the energy created by excited photons can be released by the rotation and vibration of RB molecules, as 

Figure 8 Molecular docking structures of Aβ42 conjugation with RB molecules in 2D and3D.

Figure 9 Molecular docking structures of Aβ42 conjugation with CC molecules in 2D and 3D.
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demonstrated by the peptide–probe interaction. The peptide probe contact reduced molecular rotations and vibrations, 
necessitating higher energy release via photon emission. The spectral shift in prominent peaks demonstrates that Aβ42 
fibrillizes, transforming from monomers to oligomers and fibrils before reaching the charge neutrality point. As a result, 
the oligomeric Aβ42’s shift in energy from photon extracting to photon donating may be a potential signal for the 
formation of neurotoxic Aβ42 aggregates. The experimental results confirmed the adsorption of Aβ42 with arginine in 
the RB-AuNPs and tyrosine in–the CC AgNP nanoprobe can be compared with our molecular docking picture. The 
general drawback of this work is that the combination of Aβ42 peptides with RB-AuNPs produces fluorescence. To 
circumvent this constraint, we tested another nanoprobe, CC-AgNPs. Given the possible hazardous impact of RB 
molecules, the actual concentration employed for SERS detection of Aβ42 was set at 1µg/mL. The proposed SERS 
active nanoprobes provide new possibilities for their use as chemical biomarkers. This study also serves as proof of 
concept that Aβ could serve as a potential biomarker for the early diagnosis of AD. Furthermore, the shown SERS probes 
provide a potential step towards creating a quick, label-free, and early diagnostic platform.
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