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Fig. S1 (a) Size distribution of PVA microbubbles measured by dynamic light scattering 

(DLS). PVA microbubbles were dispersed in PBS and stored at 4℃. (b) The average diameter 

of PVA microbubbles in PBS measured by DLS at different time.

Fig. S2 (a) SERS Raman spectra of 4-MBA on Au/MB substrates prepared with different Au⁺ 

concentrations (0.1, 0.15, 0.25 mM). (b) Zoomed-in SERS spectra of (a). (c) The normalized 

Raman signal intensity at ~1590 cm-1 measured at Au/MB substrates prepared with different 



Au⁺ concentrations. (d) DLS distribution of Au/MB prepared with 0.4 mM Au⁺ precursor 

dispersed in H2O for 2 days. Inset: photograph of Au/MB (0.4 mM). (e) DLS distribution of 

Au/MB prepared with 0.25 mM Au⁺ precursor dispersed in H2O. Inset: photograph of Au/MB 

(0.25 mM).

Fig. S3 (a) Raman spectra of the Cu2+/4-MBA/Au/MB sensing platform before and after 

incubation with freshly prepared Aβ1-40 monomers at a concentration of 10-6M. (b) The enlarged 

4-MBA spectra (1300cm-1-1500 cm-1).

Fig. S4 Protonated associated carboxyl group peak intensity before (Black) and after (Red) 

the incubation with Aβ1-40 oligomers.



Fig. S5 Raman spectra of the Cu2+/4-MBA/Au/MB sensing platform after incubation in protein 

dilute buffer (PBS, 10 mM) over time. 



Fig. S6 (a) The υ8a band in the SERS spectra of Cu2+/4-MBA/Au-MB sensing system before 

and after incubation with Aβ1-40 protein at a concentration of 10-6 M in H2O (black line), PBS 

(red line), Tris-HCl (green line), and artificial cerebrospinal fluid (aCSF, blue line). (b) The 

normalized peak intensity of υ8a vibration (~1592 cm-1). (c) The υₛ(COO⁻–Cu²⁺) band in the 

SERS spectra of Cu2+/4-MBA/Au-MB sensing system before and after incubation with Aβ1-40 

protein at a concentration of 10-6 M in H2O, PBS, Tris-HCl, and aCSF buffer. (d) The 

normalized peak intensity of υₛ(COO⁻–Cu²⁺) band (~1388 cm-1).



Fig. S7 Raman spectra of 4-MBA in Au/MB substrate before (black line) and after (red line) 

coordination with Cu2+ ions.

Figure S8. Raman spectra of the out-of-plane υ(CCC) bending mode (~718 cm⁻¹) for (a) 

Cu2+_4-MBA_Au/MB platform, and (b) Cu2+_4-MBA_Au/MB platform after incubation with 

Aβ1-40 protein at a concentration of 10-6 M. The angle-resolved SERS measurements were 



conducted by collecting Raman spectra at angles of 0°, 45°, and 70° relative to the substrate 

coated in silicon. (c) Ratio of normalized signal intensity of the υ(CCC) band calculated as 

I₄₅°/I₀° and I₇₀°/I₀° for both sample groups.

                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Fig. S9 Time evolution of van der Waals and electrostatic interaction energies between 

different molecular pairs during the molecular dynamics (MD) simulation. (a) Cu²⁺/4-MBA 

interaction; (b) Cu²⁺/Aβ interaction; (c) 4-MBA/Aβ interaction. LJ-SR energy reflects short-

range van der Waals interactions, while Coulomb-SR energy represents the electrostatic 

interaction between charged atoms. (d) Snapshots of the MD simulation system at 100 ns 

before and after the introduction of the Aβ peptide, illustrating intermolecular interactions, 

molecular trajectories, and the overall structural change.  



Table S1. Au nanostructure-based SERS platform and ELISA assay-based sensing 

technologies for disease-associated protein detection.

Sensing platform Methods Analytes LoD Time required Matrix Ref.

Plasmonic Au NRs-
based substrate

SERS BSA 50 nM 10-60 min PBS 1

Ag/Au plasmonic 
hybrid nanoarray

SERS Hemoglobin 5 ng/mL 20 min Urine 2

Gold nanostars 
(AuNS) substrate

SERS Protein kinase A 5 mU/mL 
(~83.3 ng/mL)

Not mentioned PBS 3

AuNP-WS2
Nanohybrid

SERS myoglobin 100 ng/mL 15 min Tris-HCl 4

Au NPs -decorated 
polystyrene beads

SERS Amyloid 
oligomers

100 nM Not mentioned PBS 5

Two layers of Au NPs 
(Au@RRs@AuNPs)

SERS Aβ1−42 0.3 nM 
(1.2 ng/mL)

Not mentioned aCSF 6

Plasmonic ELISA-
based immunoassay

ELISA Aβ1–40 50 pM > 2 h CSF 7

Commerial Aβ1–40 ELISA 
Kit from Abcam company

ELISA Aβ1–40 0.1 ng/mL 6-8 h CSF 8

Au NPs /microbubbles- 
based substrate

SERS Aβ1–40 1 nM
(~4.3 ng/mL)

30 min Acsf This 
work
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