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1. Introduction

A buoyant plasmonic microbubble-based SERS
sensing platform for amyloid-beta protein
detection in Alzheimer’s diseasef

Willis Kwun Hei Ho,+* Qin Zhang,#**° Fariza Zhorabe,® Jiaxiang Yan,® Yutian Gu,?
Shujun Wang,? Changging Yi, " Yu Zhang? and Mo Yang () *@°<¢

Amyloid-B (AB) plaques are a key pathological hallmark of Alzheimer's disease (AD), highlighting the
need for highly sensitive bioassays for AP detection to enable AD diagnosis. Here, we synthesized a
buoyant plasmonic substrate composed of polyvinyl alcohol microbubbles (MBs) decorated with in situ-
reduced gold nanoparticles (Au NPs). Benefiting from its inherent buoyancy and near-infrared plasmonic
properties, the Au/MB substrate serves as an ideal platform for biomolecular sensing via the surface-
enhanced Raman spectroscopy (SERS) technique. Compared to conventional flat SERS substrates, the
three-dimensional (3D) curved surface of the Au/MB substrate significantly increases the effective
sensing area, while its inherent buoyancy facilitates the efficient removal of unbound targets, thereby
enhancing detection specificity. By functionalizing Au/MB substrates with copper ions (Cu?*) and
4-mercaptobenzoic acid (4-MBA), we achieved sensitive detection of AD-related AB proteins. In the
presence of the target analyte, the interaction between AP proteins and Cu?* induces molecular
deformation and orientation changes in 4-MBA, leading to distinct spectral changes in the SERS signals.
The results demonstrate that the developed Au/MB-based SERS sensor enables sensitive detection of
AB1_40 oligomers with a sensitivity as low as 10~° M. Therefore, this work not only establishes a founda-
tional framework for designing buoyant plasmonic substrate-based SERS sensing platform but also paves
the way for the quantitative detection of disease-associated protein biomarkers, contributing to
advancements in AD diagnostics.

toxic amyloid-B (AB) protein fibrils as the main pathological
feature.'™ The abnormal oligomerization and aggregation pro-

Alzheimer’s disease (AD) is one of the progressive neurodegen-
erative diseases afflicting individuals all over the world, with
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cessing of AP contributes to the accumulation of neurotoxic
plaques and bundle fibrils in the brain, which subsequently
lead to neurodegenerative symptoms such as memory loss and
cognitive impairment.*”® Current clinal monitoring methods
such as positron-emission tomography (PET) brain imaging are
complicated, high-cost, and invasive, thus limiting the large-
scale preclinical screening to meet the substantial public
need.”® In contrast, detection of biomarkers in bodily fluids
offers a more economical and convenient alternative for mon-
itoring AD progression. Recent studies have identified AP
oligomers as efficient biomarkers for predicting AD.>'° There-
fore, developing a sensitive method for Ap detection is crucial
for assessing AD progression during the preclinical stages.
Raman signals provide molecular fingerprint spectra of
target analytes, enabling precise characterization of biochem-
ical systems.'! As a result, Raman-based techniques have been
widely integrated into various biosensing platforms. However,
due to the inherently low Raman scattering cross-section of
most molecules, the native Raman signals are often too weak
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for effective detection and analysis.'” To overcome this limitation,
plasmonic nanoparticles are frequently employed as substrates
to enhance Raman signals. When localized surface plasmon
resonance (LSPR) is excited, the incident light energy becomes
confined within a sub-wavelength volume, generating intense
electromagnetic near fields that amplify Raman signals by
several orders of magnitude. This amplification phenomenon,
known as surface-enhanced Raman spectroscopy (SERS), has
revolutionized the sensitivity of Raman-based sensing techni-
ques.”™'* However, the success of SERS relies heavily on the
development of robust substrates capable of providing uniform
and reproducible signal enhancement. Unfortunately, many
existing SERS substrates are fabricated using complex and
expensive techniques, such as electron beam lithography,
which significantly limit their scalability and practical applic-
ability.’> In contrast, buoyant plasmonic substrates have
emerged as a promising alternative due to their unique struc-
tural and functional advantages.'® These substrates are typi-
cally composed of plasmonic nanoparticles immobilized on
lightweight, floating microstructures. By concentrating analytes
at the liquid-air interface, buoyant plasmonic substrates facil-
itate enhanced signal uniformity through self-assembly and
improve light-matter interactions by providing greater accessi-
bility to excitation light."”” These features not only simplify
the fabrication process but also make buoyant plasmonic
substrates highly attractive for scalable, cost-effective, and
high-performance SERS applications.

Amid recent developments in nanotechnology and plasmo-
nic materials, microbubbles (MBs) have garnered significant
attention as innovative platforms for SERS due to their unique
structural and functional properties.'® In contrast to traditional
solid-state SERS substrates, which are often fabricated using
complex and expensive techniques, MBs provide a scalable,
cost-effective, and versatile alternative.'® The 3D curved surface
of the MB substrate significantly increases the effective sensing
area. Composed of lightweight, gas-filled structures typically
stabilized by polymeric shells, MBs can serve as buoyant plat-
forms for the immobilization of plasmonic nanoparticles, such
as gold nanostructures.'®?® These hybrid plasmonic microbub-
bles exhibit distinct advantages, making them highly promis-
ing for a wide range of SERS-based applications. Recently,
SERS-based sensing strategies have been developed for protein
quantification.>"** These strategies work by capturing target
proteins on functionalized surfaces, where mechanical stress
induced by protein binding deforms stress-sensitive nanostruc-
tures or molecules, subsequently converting these deformations
into measurable optical or spectroscopic signals, thereby effec-
tively reporting the presence and concentration of proteins. There-
fore, it is reasonable to assume that a SERS platform combining
mechanical force-driven stress sensing transduction with the high
sensitivity and specificity of SERS could enable precise and label-
free detection of disease-related proteins in complex biological
environments. Furthermore, the SERS sensing platform holds
great promise for diagnosing AD by enabling the sensitive and
non-invasive detection of AP protein at early stages, thereby
facilitating timely diagnosis and intervention.
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Herein, we developed a buoyant plasmonic SERS substrate
by in situ reduction of gold nanoparticles (Au NPs) on the
surface of polyvinyl alcohol microbubbles (PVA-MBs). The
resulting Au/MB substrate exhibits two key features that make
it an excellent SERS platform for biomolecule detection: (1) the
inherent buoyancy of the MBs and (2) the extended plasmonic
properties in the near-infrared (NIR) region of Au NPs. To
enable the detection of AP protein, the Au/MB substrate was
further functionalized with 4-mercaptobenzoic acid (4-MBA) as
a SERS reporter molecule (Fig. 1). The 4-MBA molecules bind to
the Au nanoclusters via their thiol terminal groups, leaving the
carboxyl terminal groups available for further coordination
with copper(u) ions (Cu**), thereby enabling selective detection
of AP proteins, as Ap contains several amino acids that serve as
coordination sites for Cu®".>*** The AB,_,, protein specifically
interacts with the Cu®** complex, inducing molecular deforma-
tion and orientation changes in 4-MBA, which lead to intensity
variations and distinct peak shifts in the Raman spectrum
(Fig. 1). These spectroscopic changes in the SERS signals enable
the quantitative detection of AB,_4, protein at varying concen-
trations and provide insights into the aggregation state of Ap.
Our results demonstrate that this Au/MB SERS sensor achieves
a detection sensitivity as low as 10~° M for AB;_4, protein. Thus,
the Au/MB-based SERS platform provides a powerful tool for
detecting AD-related biomarkers, contributing to the broader
application of SERS in biomedical diagnostics.

2. Materials and methods

2.1. Materials and equipment

Unless otherwise noted, all reagents were obtained from com-
mercial suppliers and used without further purification. Polyvinyl
alcohol (99%), sodium periodate (NalO,, 99%), Au(m) chloride
hydrate (HAuCl,, 99%), r-ascorbic acid (AA, 99%), 4-mercapto-
benzoic acid (4-MBA, 99%), and copper(u) chloride (99%) were
purchased from Sigma Aldrich. Dimethyl sulfoxide (DMSO),
hexafluoro-2-propanol (HFIP) were purchased from Aladdin Co.
Ltd. Tris-buffered saline (TBS), bovine serum albumin (BSA),
human serum albumin (HSA) and rana grylio virus (RGV) glycol
protein were purchased from Thermofisher. AB;_4, was purchased
from Sango Biotech. The size distribution and zeta potential were
determined by a dynamic light scattering (DLS) analyzer (Malvern
Zetasizer Nano ZS90). Scanning electron microscopy (SEM) and
element mapping images were obtained in a JEOL field emission
SEM microscope. ultraviolet-visible (UV-vis) absorbance was mea-
sured by Ultrospec 2100 Pro spectrophotometer (Amersham Bios-
ciences). Zeta potential was measured using a Malvern ZEN 3600
Zetasizer. Optical darkfield images were taken from optical system
(Olympics BX-150). All the SERS spectra were taken from Renishaw
Micro-Raman Spectroscopy System.

2.2. Preparation of polyvinyl alcohol air-filled microbubbles
(PVA-MBSs)

Air-filled PVA-MBs were synthesized by crosslinking teleche-
lic PVA polymers in accordance with previously reported

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic diagram illustrating the preparation of Cu?* and 4-MBA functionalized Au/MB SERS sensing substrate. (b) Schematic illustration of
the application of buoyant plasmonic Au/MB SERS sensing platform for the detection of oligomerized A protein.

methods.>*?® First, 2% PVA aqueous solution was prepared
under hot plate stirring (70 °C, 900 rpm). The condenser was to
prevent evaporation of the solvent during heating. Once a
homogeneous solution was obtained, 800 mg of NalO, was
added and kept under constant stirring for 1 h. The obtained
PVA solution was vigorously stirred by IKA Ultra-Turrax T-25
disperser with Teflon coated tip at 8000 rpm for 3 h at room
temperature. Fine foam generated at the top of the solution
(air-water interface) suggests successful PVA-MBs synthesis.
Afterward, suspension was transferred to the separating funnel
where MBs were separated and washed 5 times.

2.3. In situ growth of Au nanocluster on PVA-MBs (Au/MB)

Au nanocluster was grown on the surface of MBs by direct
reduction of Au ions in the PVA-MBs solution. 800 puL of MBs
solution was mixed with 150 pL of Au precursor HAuCl,
(10 mM) and 150 pL of AA (0.1 mM) was introduced, acting
as a reducing agent. The solution colour rapidly changes to
reddish as the Au reduction occurs. Then the solution obtained
was left undistributed for 3 h until the resultant Au/MB is floating
on the water surface and followed by washing three times.

2.4. Au/MB modification with 4-MBA and metal ions

4-MBA (1 mM, 2 pL) was added into 1 mL Au/MBs under
vigorous shaking for 24 h. 4-MBA will attach to the Au nan-
ocluster by forming Au-S bond. Then the 4-MBA decorated
Au/MB is left undisturbed to allow the Au/MB separation from
bulk solution and it is washed for 4 times with deionized water.
To decorate metal ions on 4-MBA molecule, 1 mM of CuAc2,
PbAc2 and FeAc3 were dissolved in deionized water, then 5 uL
of the dissolved ion was added into 1 mL Au/MB solution under

This journal is © The Royal Society of Chemistry 2025

vigorous shaking for 2 h. Finally, Au/MBs was washed three
times to remove the excessive metal ions.

2.5. AP, 40 monomer and oligomer preparation

To obtain the AB;_,o monomer, 200 pl of hexafluoro-2-propanol
(HFIP) was added to dissolve the AB;_,o monomer into concen-
tration of 1 mM and it is left undisturbed for 1.5 h.”> Then the
HFIP is removed under the content flow of nitrogen gas, and
a transparent film is obtained at the bottom of the tube.
To resuspend the AB;_49, 2 uL of DMSO was added followed
by adding Tris-buffered saline (TBS) buffer (20 uM, pH 7.4,
150 uM NacCl) and dilute the AB protein into 25 uM. To obtained
AB4_40 oligomer, the monomer in TBS was incubated in 37 °C
for 24 h and 48 h. Then, the size of AB;_4o was characterized by
dyamics light scattering system (Zetasizer Nano ZS instrument;
Malvern Instruments, Worcestershire, UK). Prior to the measure-
ment, 5 uM of AB;_4, was centrifuged at 12 000g for 20 min at 4 °C.
The DLS measurements were conducted at a constant temperature
at 25 °C. All signals were recorded for 20 runs.

2.6. Circular dichroism (CD) measurement

The CD spectra of AP, 4, were measured from JASCO J-810
Spectrometer (JASCO Co., Tokyo, Japan) with a standard quartz
cuvette in 1 mm optical length. Briefly, the pre-treated AB;_40 in
different time pointed were diluted to 15 pM with Ultrapure
water and the CD spectra were obtained for at least for three
times under the N, gas purging. To analyse the AB;_4 con-
formational we consider the change of CD peak in 195 and
215 nm, respectively. Using the built-in “Smooth” function in
the software, the CD curve was applied with a 11-point Savitzky-
Golay smooth to the baseline.
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2.7. Atomic force microscope (AFM) analysis

5 pL of each APB;_4 sample (25 uM) was deposited on clean
silicon wafer pre-treated with Piranha solution. Until the
sample dries, a few drops of water were applied to remove the
large aggregate on top. AFM images were obtained under
tapping mode with a Nano-FTIR (neaspec). The Image J soft-
ware was used for AFM image analysis. The background image
value was first obtained, and the standard derivation is used for
determining the image threshold.

2.8. SERS measurement of Cu®*/4-MBA

AB1_4 and other proteins were incubated with 50 pL of Cu*'/
4-MBA decorated Au/MB in PBS buffer (pH 7.5) for 30 min. The
mixture was then transferred to a flat silicon substrate and
waited for 20 min to allow the Au/MB floats to settle on the
water surface. To obtain the spectrum, the Raman system was
operated in LASER measurement power at 0.5 mW. The expo-
sure time was set to 5 s. All obtained SERS spectra were
normalized to the 4-MBA at 1078 cm™*. Angle-resolved SERS
measurements were performed to investigate the orientation-
dependent vibrational behavior of 4-MBA molecules on the
Au/MB substrate under different molecular interaction states.
Raman spectra were acquired using a confocal Raman micro-
scope equipped with a 633 nm laser. The samples were
mounted on a rotational stage that allowed precise adjustment
of the incident laser angle relative to the substrate surface.
Two sample groups were prepared: (i) the Cu®>*/4-MBA-modified
Au/MB substrate on silicon surface, and (ii) the same substrate
after incubation with AB;_4 (1 uM) for 30 min. Raman spectra
were collected at incident angles of 0°, 45°, and 70°. The
intensity of the 1{(CCC) vibrational mode (~718 cm ') was
extracted from the spectra after baseline correction and nor-
malization. The angle-dependent signal ratios (I5,//; and
I5,/15) were calculated to quantitatively assess the changes in
molecular orientation.

2.9. Molecular dynamics simulations

The initial structure of AB;_4, protein was predicted using
HelixFold 3 and preprocessed with OpenBabel. Molecular
dynamics simulations were performed using GROMACS 2021 with
the AMBER99SB force field for proteins and GAFF2 for small
molecules. The system was solvated in a TIP3P water box and
neutralized with Na'/CI~ ions. After energy minimization and 100
ps equilibration, a 100 ns production run was conducted using the
leap-frog algorithm with a 2 fs time step. Temperature and
pressure were maintained at 298.15 K and 1.0 bar using
V-rescale and Parrinello-Rahman coupling, respectively. PME
and dispersion correction were applied for long-range electrostatic
and van der Waals interactions. Snapshots were extracted every
20 ns to capture the precise state of the simulation system at
specific time points. These snapshots enabled detailed analysis of
the dynamic behavior of key species, including Cu**, 4-MBA, and
AP;_40, such as intermolecular interactions, molecular trajectories,
and structural evolution.

8886 | J Mater. Chem. B, 2025, 13, 8883-8896

View Article Online

Journal of Materials Chemistry B

2.10. Statistical analysis

The statistical results in this study were presented as the
mean value with error bars indicating the standard deviation.
GraphPad Prism 8.0 was utilized for statistical analysis and the
creation of graphs. Statistical testing was conducted using a
one-way ANOVA test, with subsequent post hoc analyses
employed for multiple comparisons. Statistical significance
was a probability value (p) less than 0.05.

3. Results and discussion

3.1. Preparation and characterization of buoyant plasmonic
Au/MB substrate

The fabrication process of the Au/MB substrate is illustrated in
Fig. 2(a). Initially, air-filled microbubbles (MBs) were synthe-
sized by the polymerization of water-soluble polyvinyl alcohol
(PVA) using a high-speed homogenizer. The obtained PVA-MBs
exhibited an average hydrodynamic diameter of 4.78 pm and
demonstrated good stability in aqueous solution (Fig. S1, ESIT).
Subsequently, chloroauric acid (HAuCl,) was reduced by ascor-
bic acid, resulting in the in situ growth of gold (Au) nanoclus-
ters on the surface of the PVA-MBs. Notably, no surfactants
were required during the fabrication process, as the intrinsic
buoyancy of the MBs effectively prevented aggregation at
the nanoscale. Consequently, the Au/MB substrate preserved
monodispersity in aqueous solutions. A series of analytical
techniques was employed to characterize the fabricated Au/
MB substrate. First, elemental mapping demonstrated the
colocalization of gold (Au), oxygen (O), and carbon (C) ele-
ments, providing additional evidence that the Au nanoclusters
were reduced on the MB surface (Fig. 2(b)). Furthermore, zeta
potential measurements revealed that pure MBs exhibited a
surface potential of approximately —10 mV, which shifted to a
more negative value of —16 mV following the in situ growth of
Au nanoclusters (Fig. 2(c)). This change in surface potential
confirmed the successful deposition of Au on the MB surface.
The UV-vis measurement of the pure MB has no significant
absorption over the entire visible region. For Au/MB fabricated
in low Au’ concentration (0.1 mM), a peak arises at around
523 nm (Fig. 2(d)), suggesting that the reduced Au nanocluster
has a dipolar plasmonic resonance mode as observed from
spherical Au nanoparticles.”” As Au" concentration increases,
the fabricated Au/MB exhibits an extended absorption in NIR
region at around 650 nm (Fig. 2(d)), indicating that higher Au"
precursor results in the increased dimension and anisotropy of
Au nanocluster.”® Scanning electron microscopy (SEM) and
corresponding dark-field imaging were then used to investigate
the morphology of the synthesized Au/MB substrate (Fig. 2(e)).
The results confirmed the spherical morphology of the MBs
and demonstrated that the Au nanostructures were uniformly
attached to their surfaces. At low Au’ precursor concentrations
(0.1 mM), isolated Au nanoclusters were observed on the MB
surface, consistent with the dipolar resonance mode identified
in the UV-vis spectra. In contrast, at higher Au® concentrations
(0.15 mM and 0.25 mM), the dimensions and density of the Au

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Preparation and characterization of Au/MB substrate. (a) Schematic illustration of the fabrication of air-filled PVA MBs and preparation of Au/MB
substrate. (b) Element mapping of synthesized Au/MB. Oxygen (O), carbon (C) and gold (Au). The Overlay figure shows the co-localization of the mapped
element on Au/MB. (c) Zeta potential measurement pure PVA MB and Au/MB. (d) Normalized UV-vis absorption spectra of the Au/MB synthesized with
varying final concentrations of Au™ precursor (0.1 mM, 0.15 mM and 0.25 Mm). (e) Scanning electron microscope (SEM) micrograph and the
corresponding dark-field image of Au/MB synthesized in different final Au* concentration at 0.1 mM, 0.15 mM and 0.25 mM. The scale bars in the
SEM images (left) represent 3 um, while the scale bars in the dark-field images (right) represent 30 um. (f) The Photograph of Au/MB synthesized in
different final Au* concentrations. The lower panel shows the same batch of Au/MB rested undisturbed for 25 min. (g) The stability of Au/MB in H,O and

PBS. Au/MB was left undistributed for 2 months.

nanoclusters increased significantly (Fig. 2(e)), corroborating
the enhanced absorption observed in the UV-vis spectra. Addi-
tionally, dark-field images revealed pronounced light-scattering
behavior for Au/MB substrates synthesized at higher Au” con-
centrations (Fig. 2(e)), further confirming the optical properties
of the Au nanostructures. Furthermore, the SERS performance
of the Au/MB substrates synthesized with different Au" precur-
sor concentrations was evaluated by measuring the Raman
intensity of the 4-MBA reporter on the substrates. The results

This journal is © The Royal Society of Chemistry 2025

show that the SERS intensity of the characteristic peak at
~1590 cm™ " increased with the Au” concentration and reached
its maximum at 0.25 mM (Fig. S2a-c, ESIY).

After the reduction process, the Au/MB composites remained
well-dispersed in solutions. Upon standing for 25 min, the Au/MB
substrates spontaneously separated from the bulk solution, form-
ing a stable layer at the liquid surface while leaving a transparent
solution underneath (Fig. 2(f)). This self-separation behavior
further confirmed the buoyant property of the Au/MB substrate

J. Mater. Chem. B, 2025, 13, 8883-8896 | 8887
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and suggested that the Au nanoclusters were successfully
loaded onto the MBs. However, it was observed that excessively
high Au" precursor concentrations (e.g., 0.4 mM) led to over-
loading of the Au nanoclusters, resulting in the formation of
the skinned Au/MB structures with reduced buoyancy and
lower yield (Fig. S2c and d, ESIt). Furthermore, the stability
of the Au/MB substrate was evaluated in biological buffers. The
results demonstrated that the buoyancy of the Au/MB compo-
sites was maintained for more than two months in both
deionized water and phosphate-buffered saline (PBS) with no
observable detachment of Au nanoclusters from the MBs
(Fig. 2(g)). Together, we successfully fabricated a composite
Au/MB heterostructure with two distinct features: (1) the buoy-
ant property conferred by the air-filled MBs and (2) the plas-
monic properties provided by the attached Au nanoclusters.
The plasmonic resonance of the Au nanoclusters significantly
enhances Raman signals through the plasmonic enhancement
mechanism. Additionally, the buoyant property not only
enables the self-separation of the Au/MB substrate from the
sensing buffer but also allows the formation of a stable SERS
detection layer at the liquid surface. This minimizes Brownian
motion, thereby improving the signal-to-noise ratio and gen-
erating a robust SERS signal suitable for sensitive detection.
These features collectively make the Au/MB substrate an excel-
lent candidate for SERS-based biosensing applications.

3.2. Fabrication of SERS-based Au/MB sensing platform

To evaluate the Raman signal generated by the Au/MB plat-
form, the Au/MBs were functionalized with 4-mercaptobenzoic

View Article Online
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acid (4-MBA) and incubated for SERS analysis. The Raman
signals were collected by focusing the laser on the surface of
the buoyant Au/MB layer. In this study, Au/MB substrates
synthesized using 0.25 mM Au' precursor were selected, as
the UV-vis spectra shown in Fig. 2(d) indicated enhanced
absorbance across the visible region, which is advantageous
for SERS performance.”® The collected SERS spectra of 4-MBA
revealed that the Au/MB platform exhibited excellent SERS
intensity with a remarkably low signal-to-noise ratio (Fig. 3(a)).
Two prominent SERS peaks were observed at approximately
1078 cm™ " and 1590 cm ™', corresponding to the 1(C-S) stretch-
ing vibration and the vg, aromatic ring vibration, respectively.
These peaks are consistent with the typical vibrational modes
of 4-MBA as reported in previous studies.’>*! By monitoring the
Vga aromatic ring vibration at ~1590 cm ™', the Au/MB buoyant
SERS substrate demonstrated the ability to detect 4-MBA con-
centrations as low as 10" M (Fig. 3(b)), signifying its excep-
tional sensitivity. To further investigate the performance of the
substrate, the SERS intensity was compared across different
substrates and laser excitation wavelengths (Fig. 3(c)). When
the Au/MB platform was excited with a 633 nm laser, the SERS
intensity was approximately 6 times higher than that of the Au
NPs suspension and 5 times higher than the signal collected
under 532 nm laser excitation (Fig. 3(c)). This enhanced SERS
response of the Au/MB substrate can be attributed to the
synergistic effects of the plasmonic and buoyant properties.
Specifically, the extended plasmonic absorption resulting
from the overgrowth of Au nanoclusters at a 0.25 mM Au’
precursor enabled efficient LSPR excitation under 633 nm laser
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irradiation. Additionally, the buoyancy of the Au/MB substrate
ensured the formation of a stable detection layer at the liquid-
air interface, minimizing Brownian motion and improving
signal stability. Together, these factors contributed to the
observed high SERS signal intensity and low noise interference.

To explore the functional versatility of the 4-MBA-modified
Au/MB platform, the free carboxyl groups of 4-MBA were utilized
for metal ion coordination. Previous studies have demonstrated
that carboxyl groups can coordinate with divalent and trivalent
metal ions through ligand interactions, forming stable metal ion-
ligand complexes.>” By incubating the Au/MB substrate with
different ions (Cu®*, Pb**, and Fe**), distinct spectral changes
were observed in the SERS signals (Fig. 3(d)). Specifically, the
intensities of the protonated carboxyl vibrational bands at
~1280 cm ' and ~1700 cm ™' decreased, while the deforma-
tion band 6(COO ™) at ~850 cm ™" and the symmetric stretching
mode 1,(COO~) at ~1400 cm ™" (associated with deprotonated
carboxylate groups) exhibited notable frequency shifts and
intensity changes (Fig. 3(d)). Among these, the v5,(COO™) band
proved to be the most sensitive to metal ion coordination,
with peak frequencies observed at 1390 cm™ " (Cu®*), 1402 cm ™!
(Pb*"), and 1430 cm™' (Fe*), respectively (Fig. 3(d)). These
results confirm the successful coordination of metal ions to
the carboxyl groups of the 4-MBA molecules.**”** The ability of
the Au/MB platform to support both SERS enhancement and
functionalization with metal ions demonstrates its versatility as
a sensing platform for probing biomolecular interactions invol-
ving metal ions.

3.3. Detection of Af,_,, protein by Au/MB SERS sensing
platform

The 4-MBA on the surface of Au/MB sensing platform were
further functionalized with Cu®" ions to enable selective detec-
tion of AP proteins, as AP contains several amino acids that act
as coordination sites for Cu**.>*** Here, we exploited Au/MB
SERS platform for AB;_4, protein detection. The Cu**/4-MBA-
functionalized Au/MB substrate was first exposed to freshly
prepared AB;_4o monomer solution. Interestingly, AB;_,o mono-
mer induced only a reduction in the intensity of the v,(COO™ -
Cu*") band, while no significant changes were observed in
other characteristic SERS peaks (Fig. S3, ESIt). As the detection
mechanism of this sensing system relies on conformational
changes or deformations of the SERS reporter molecules
induced by the target analyte, this limited spectroscopic
response may be explained by the low protein mass of the
freshly prepared AP;_s0, which primarily exists in its mono-
meric form with an average molecular weight of ~4 kDa.*®
To address this, we pretreated AB;_40 in TBS buffer at 37 °C for
48 h to promote oligomerization. The Cu®'/4-MBA-function-
alized Au/MB was then incubated with the obtained AB;_4 oligo-
mer. As expected, the oligomerized AB;_4, protein induced signi-
ficant and distinct changes in the 4-MBA SERS spectra (Fig. 4(a)).
Specifically, both frequency shifts and reductions in relative
peak intensity were observed for the g, aromatic ring vibration
(~1592 em ™) and the 4(COO™-Cu”*) symmetric stretching mode
(~1388 cm ™). The vg, peak and v,(COO -Cu**) peak exhibited

This journal is © The Royal Society of Chemistry 2025
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shifts to lower and higher wavenumbers, respectively (Fig. 4(b)).
The fitted frequency of the vg, vibration shifted from ~1592 cm™*
to ~1588 cm ', while the 1(COO -Cu*") peak shifted from
~1388 cm™ ' to ~1394 cm™ ', Additionally, the relative intensities
of both peaks decreased following incubation with AB; 4, oligo-
mer. Specifically, the intensity of the v, vibration decreased from
~1.05 to ~0.8, while that of the 1,(COO™-Cu”*) band decreased
from ~0.26 to ~0.19 (Fig. 4(c)).

To rule out the possibility that the intensity changes were
due to the detachment of Cu®*" from the 4-MBA molecules, we
examined the protonated carboxyl-associated peaks at
~1280 cm ™' (¥(C-OH)) and ~1700 cm ™" (1(C=0)). Without
coordination of ions, these peaks would increase in intensity.
However, no significant changes were observed for these peaks
upon AP incubation, indicating that Cu*>* ions remained bound
to the 4-MBA molecules (Fig. S4, ESIt). Furthermore, the
potential influence of the protein dilution buffer (PBS without
AP protein) was excluded, as the blank buffer did not induce
any significant spectral changes over time (Fig. S5, ESIt). These
results confirm that the observed spectral changes in the Cu®"/
4-MBA system were specifically caused by interactions with the
oligomerized AB;_40 protein. The interaction between AB;_so
oligomers and Cu*"* ions induced nanoscale stress on the SERS
reporter molecules, leading to depolarization of the carboxyl
groups and deformation of the phenyl rings of 4-MBA, which
were reflected in the spectroscopic changes.®

Subsequently, we investigated the effects of AB;_4, oligomer-
ization on the SERS signals by incubating the Cu”**/4-MBA-
functionalized substrate with AP, 4, proteins incubated in
TBS buffer for various time (Fig. 5(a)). The observed peak shifts
in the vg, vibration were hypothesized to result from the
progressive aggregation of Ap proteins, which exerted increas-
ing nanoscale stress on the 4-MBA molecules. To verify this
hypothesis, freshly prepared monomeric AB;_,, solutions were
incubated at 37 °C for varying durations (24 and 48 h) to
simulate different stages of AP aggregation. Dynamic light
scattering (DLS) measurements confirmed a significant
increase in the hydrodynamic size of AP proteins, from approxi-
mately 4 nm for freshly prepared monomers to ~15 nm and
~30 nm for samples incubated for 24 and 48 h, respectively
(Fig. 5(b)). Consistently, atomic force microscopy (AFM)
revealed a structural transition in AB;_,0, progressing from
isolated monomers at 0 hours to larger oligomers and fibrils
at 24 and 48 hours (Fig. 5(c)). Furthermore, circular dichroism
(CD) spectroscopy demonstrated a clear transition from a
prevalently unordered conformation (characterized by a weak
negative band at ~205 nm) to a B-strand structure (character-
ized by a stronger negative band centered at 220 nm)
(Fig. 5(d)).>’° These changes in the spatial structure and
protein size of AP were strongly correlated with progressive
shifts in the vg, peak position, from ~1592 cm ' at 0 hours to
~1590 cm ' at 24 h and ~1587 cm ' at 48 h (Fig. 5(e)). The
summarized peak positions confirm that the pre-incubation
time of AP protein induced a gradual shift in the vg, resonance
mode. Furthermore, the relative intensity of the vg, peak
decreased after incubation with oligomerized AP protein,
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dropping from ~1.07 to ~0.89 (Fig. 5(f)). Together, these
results confirm that the frequency shifts and intensity reduc-
tions in the vg, vibration are primarily caused by the increased
size of the AP aggregates. The larger protein size induces
greater deformation of the 4-MBA phenyl rings, resulting in
the observed spectroscopic changes. The accumulation and
oligomerization of AP protein are widely recognized as primary
contributors to neurotoxicity in AD and are strongly correlated
with disease severity.”> Therefore, the ability to monitor AR
protein oligomerization using the Cu®'/4-MBA-functionalized
Au/MB substrate highlights its potential as a sensitive and
effective tool for tracking AD progression.

Thereafter, to evaluate the sensitivity of the Cu®*/4-MBA-
functionalized Au/MB platform, we incubated it with varying
concentrations of AP, 4, protein, which was incubated in TBS
buffer at 37 °C for 48 h to promote oligomerization. As shown
in Fig. 5(g) and (h), frequency shifts and intensity changes were
observed in the vg, and v,(COO -Cu**) bands, with a limit of

8890 | J Mater. Chem. B, 2025, 13, 8883-8896

detection (LOD) of 10~° M for AB,_,,, which offers comparable
sensitivity to existing Au nanostructure-based SERS systems
(Table S1, ESIF).*™* Specifically, the v, vibration at ~1592 cm™*
exhibited a concentration-dependent frequency shift due to defor-
mation of the 4-MBA phenyl ring (Fig. 5(g)). Similarly, a frequency
shift was also noted for the 14(COO -Cu*") band at ~1389 cm™*
(Fig. 5(h)). Most notably, the intensity of both peaks showed a good
linear relationship with the concentration of AB;_4, from to 107°M
to 10 ° M (Fig. 5(i) and (j)). Based on linear fitting of the vg, and
5(COO™-Cu”") peak intensities, the limit of detection (LOD) for
AB;_40 Was estimated to be 107° M and 10~° M, respectively
(Fig. 5(i) and (j)). To further assess the interference resistance
of the sensing platform under complex biological conditions,
we performed additional experiments by spiking AB; 4, into
various biological buffer systems, including PBS, Tris-HC], and
artificial cerebrospinal fluid (aCSF). The sensing platform
could detect AB;_4 in all tested matrices, exhibiting observable
frequency shifts and intensity changes in both the vg, and

This journal is © The Royal Society of Chemistry 2025
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15(COO™-Cu”") vibrational bands. Specifically, compared to the the v,(COO -Cu®") band demonstrated similar frequency shifts
reference spectrum obtained in H,O, the vg, vibration and and intensity attenuations in the other biological media
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(Fig. S6, ESIt), confirming the reliable anti-interference cap-
ability of our sensing platform. The observed Raman intensity
reduction can be attributed to the deformation of the 4-MBA
phenyl ring and the depolarization of the carboxylate-Cu**
complex, induced by the interaction with the large oligo-
merized AP;_40 protein. These interactions further confirm
the sensitivity of the sensing platform to AB;_4, protein and
its ability to detect changes in its aggregation state.

In addition to the spectroscopic changes observed in the vg,
and v,(COO™-Cu®") bands, we identified a significant SERS
peak at 718 cm ™, attributed to the out-of-plane (CCC) vibra-
tion of the 4-MBA phenyl ring, which reflects the molecular
orientation of 4-MBA.*® The intensity of the 1(CCC) peak
increased upon coordination of Cu®** ions (Fig. S7, ESIf).
However, when the Cu®'/4-MBA system was exposed to oligo-
merized AB;_4 (48-hour TBS treatment), the ©(CCC) intensity
decreased again, showing a concentration-dependent relation-
ship with AB;_4 (Fig. 6(a)). This change in »(CCC) intensity
reveals molecular orientation changes in 4-MBA molecules
during the detection process. Initially, before Cu®* coordination,
4-MBA molecules predominantly adopt an upright orientation
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(Fig. 6(b)). Upon coordination with Cu®', the 4-MBA molecules
are tilted due to repulsive forces induced by the ion-ligand
interactions.”® In contrast, when AP oligomers bind to the Cu**/
4-MBA system, the interaction induces intermolecular attractive
forces, partially restoring the upright orientation of the 4-MBA
molecules. The sensing platform (Cu®‘/4-MBA-Au/MB) was fixed
on silicon surface, and Raman spectra were collected at incident
angles of 0°, 45°, and 70° with respect to the substrate. The results
show distinct angle-dependent variations in the intensity of the
1{CCC) band (~718 cm™"). Cu*'/4-MBA-Au/MB exhibited weaker
angle dependence of the {CCC) mode at ~718 cm™ " (Fig. S8a and
¢, ESIT), which is consistent with a tilted orientation of the 4-MBA
aromatic ring induced by Cu®" coordination. In contrast, the
Raman spectra showed a more pronounced increase in {(CCC)
intensity at higher angles after incubation with AB, 4, (Fig. S8b
and c, ESIt), indicating a partial reorientation toward an upright
configuration upon AB; 4, binding. These angle-dependent varia-
tions in Raman intensity provide strong spectroscopic evidence
supporting our conclusion regarding molecular orientation
changes during the sensing process. To investigate the
molecular-level mechanism, we performed molecular dynamics
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Fig. 6 The signal intensity of out-of-plane vibration of (CCC) vibration at 718 cm™* of the Au/MB sensing platform. (a) The signal intensity of out-of-
plane vibration of (CCC) after incubation with different concentrations of oligomerized AB;_40 protein changes from 107 M to 10~° M. (b) The
schematic diagram illustrating the 4-MBA orientation upon incubating with Cu?* ions and oligomerized AB protein. (c) Molecular interactions among
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(MD) simulation to explore the binding interactions among
Cu®", 4-MBA, and AB;_,,. The interaction analysis of MD
simulations exhibited multiple types of non-covalent interac-
tions among Cu®*, 4-MBA, and AB;_,, (Fig. 6(c)). Cu®*" exhibited
strong coordination with the carboxyl group of 4-MBA
(Fig. 6(c)). These interactions remained stable throughout the
simulation, with a final L]-SR energy of —4319.43 k] mol " and
a Coulomb-SR energy of 226.88 k] mol ' (Fig. S9a, ESIY),
indicating strong and persistent Cu**~-COO~ binding. After
AP1_4o was introduced into the simulation system, Cu®" formed
significant non-covalent interactions with amino acid residues
of AP protein via both electrostatic and hydrophobic inter-
actions (Fig. 6(c)). The final LJ-SR energy for Cu®'-AB
was —3362.78 k] mol™', and the Coulomb-SR energy was
158.74 kJ mol ' (Fig. S9b, ESI}), confirming the affinity of
Cu** for binding pockets on the A protein. In addition, the
phenyl ring of 4-MBA was found to interact with AR through
hydrogen bonding, hydrophobic interactions, and electrostatic
forces, involving residues such as histidine (HIS), phenylalanine
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(PHE), valine (VAL), and isoleucine (ILE) (Fig. 6(c) and Fig. S9c,
ESIt). The results support the proposed mechanism in which
Cu®" acts as a coordination bridge between 4-MBA and Ap,
inducing rearrangement of the phenyl ring of 4-MBA after binding
to AP (Fig. 6(b)). These molecular orientation changes, in con-
junction with the deformation of the phenyl ring, contribute to
the observed intensity variations in the 1{CCC), vg,, and v5(COO™ -
Cu®") bands, providing additional insights into the detection
mechanism at the molecular level.

3.4. Specificity of Au/MB SERS sensing platform

AB4_40 protein demonstrated a strong binding affinity toward
Cu®" ions compared to other divalent metal ions.*>*° To
validate this, we evaluated a Pb*'/4-MBA-functionalized Au/
MB platform under identical conditions. After incubation with
oligomerized AP;_40, no significant intensity changes were
observed for either the v,(COO™-Pb*") band (~1404 cm™') or
the vg, vibration (~1590 cm™'), and the peak frequencies
remained unchanged (Fig. 7(a) and (b)). These results suggest
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Fig. 7 The specificity of Au/MB SERS sensing platform. The SERS signal of (a) v(COO-Cu?") vibration and (b) vg, vibration of Pb?*/4-MBA after
incubation with oligomerized AB;_.o protein with different concentrations. The SERS signals of (c) vg, vibration and (d) v5(COO-Cu?*) vibration of Cu?*/
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that oligomerized AP, exhibits minimal interaction with the
Pb>*/4-MBA complex, further highlighting the strong affinity
between AB;_,o and the Cu**/4-MBA system.

To evaluate the specificity of the Cu**/4-MBA-functionalized
Au/MB sensing platform for the detection of AB;_4,, we selected
human serum albumin (HSA), bovine serum albumin (BSA),
and rabies virus glycoprotein (RVG) protein as control analytes.
The Cu®*/4-MBA substrate was incubated separately with AB;_40
oligomer, HSA, BSA, and RVG protein to compare their effects
on the SERS spectra. Notably, the RVG protein did not induce
any significant changes in the vg, or v(COO™-Cu®") vibration
modes (Fig. 7(c) and (d)). The results suggest that the RVG
protein does not interact with the coordinated Cu®*' ions,
thereby causing no observable perturbation in the SERS sig-
nals. In contrast, distinct changes in the vg, and v,(COO -Cu*")
bands were observed when the platform was exposed to AB;_4,
HSA, or BSA (Fig. 7(c) and (d)). Previous studies have shown
that both HSA and BSA can interact with Cu®* ions, which likely
explains their ability to perturb the Cu®>*/4-MBA system and
cause significant spectroscopic changes.”’>> However, upon
closer examination of the SERS spectra, each of these proteins
induced unique frequency shifts in both the g, and v4(COO™ -
Cu”") bands, which reflect differences in their interactions with
the Cu®'/4-MBA complex. For the vg, band, the peak shifted
from 1592 cm ™" (baseline) to 1584 cm ™" for AB;_4, 1585 cm ™'
for HSA, and 1588 cm ™' for BSA (Fig. 7(e) and (f)). For the
15(COO™-Cu”") band, the peak shifted from 1388 cm " (base-
line) to 1394 cm ™" for AB;_40, and 1399 cm ™" for both HSA and
BSA (Fig. 7(e) and (f)). These distinct frequency shifts indicate
that the conformation of the protein-Cu**/4-MBA complex
varies depending on the interacting protein. The unique fre-
quency shifts observed in both the vg, and r{(COO -Cu®")
bands demonstrate the ability of the Au/MB SERS sensing
platform to distinguish between different proteins based on
their interactions with the Cu®" ions. This specificity highlights
the versatility of the Cu®‘/4-MBA-functionalized Au/MB plat-
form for the selective detection of oligomerized AB;_4, protein
in complex biological environments. With its ability to distin-
guish the aggregation states of AB;_4¢, this Au/MB SERS sensing
platform shows great potential for early diagnosis and mon-
itoring of AD progression.

4. Conclusion

In this study, we developed a buoyant SERS substrate based on
air-filled PVA microbubbles MBs with in situ growth of Au NPs
on their surface, resulting in the Au/MB composite structure.
Benefiting from its enhanced NIR plasmonic resonance proper-
ties and inherent buoyancy, the Au/MB platform demonstrated
excellent potential for biomedical SERS-based applications. The
platform was further functionalized with SERE reporter 4-MBA
molecules and Cu®" ions to enable the detection of AD-related
AP protein. Our results revealed that freshly prepared AB;_40
monomers did not induce observable spectroscopic changes in
the 4-MBA SERS spectra. However, oligomerized AB;_4, proteins
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caused significant molecular deformation of 4-MBA, leading to
frequency shifts and intensity changes in the g, and v5(COO™ -
Cu*") vibrational modes. By correlating these spectral changes
with the protein concentration, the platform achieved a detec-
tion sensitivity as low as 10~° M. Moreover, the SERS signals
provided valuable insights into the dynamic molecular orienta-
tion of 4-MBA molecules upon interaction with Af protein.
Specifically, the coordination between Cu*" ions and AP oligo-
mers induced nanoscale stress, resulting in molecular reorien-
tation of the reporter molecules. In addition to detecting
oligomerized A protein, our platform demonstrated the ability
to distinguish spectroscopic features induced by other proteins,
including HSA and BSA. While these proteins also perturbed
the Cu®>"/4-MBA system, the unique conformational changes
they induced resulted in distinguishable frequency shifts. In
conclusion, this work establishes a microbubble-based SERS
sensing platform capable of detecting AP protein in different
aggregation states with high sensitivity and specificity. Beyond
its role as a diagnostic tool for AD-related biomarker detection,
this platform also provides fundamental insights into the
design of microbubble-based SERS sensing systems for the
quantitative detection of disease-associated protein bio-
markers. Its promising applications in early-stage diagnosis
of AD pave the way for further advancements in biomolecular
sensing.
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