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ABSTRACT

Phosphorylation of tau at Ser (396, 404) (p-tau****) is one of the earliest phosphorylation events, and plasma p-tau**** level
appears to be a potentially promising biomarker of Alzheimer’s disease (AD). The low abundance and easy degradation of p-tau
in the plasma make the lateral flow assay (LFA) a suitable choice for point-of-care detection of plasma p-tau®**“* levels. Herein,
based on our screening of a pair of p-tau**““-specific antibodies, we developed a colorimetric and surface-enhanced Raman
scattering (SERS) dual-readout LFA for the rapid, highly sensitive, and robust detection of plasma p-tau®**** levels. This LFA
realized a detection limit of 60 pg/mL by the naked eye or 3.8 pg/mL by SERS without cross-reacting with other tau species.
More importantly, LFA rapidly and accurately differentiated AD patients from healthy controls, suggesting that it has the potential
for clinical point-of-care application in AD diagnosis. This dual-readout LFA has the advantages of simple operation, rapid, and
ultra-sensitive detection, providing a new way for early AD diagnosis and intervention, especially in primary and community AD

screening.
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1 Introduction

Alzheimer’s disease (AD) is a complex pathophysiological
neurodegenerative disease characterized by brain atrophy [1-3].
Unfortunately, given the limited efficacy of current AD treatments
on symptoms, the number of AD patients worldwide is estimated
to increase from the current estimate of 50 million to more than
152 million by 2050 [4, 5]. Given that neurodegenerative diseases
are persistent and progressive, a longer preclinical phase brings the
possibility of early AD diagnosis. The pathology of AD is
characterized by senile plaques containing B-amyloid (Af,,)
protein and neurofibrillary tangles (NFTs) composed of
phosphorylated tau (p-tau), but it is difficult to pathologically
identify AD in living individuals [5-8]. To date, autopsy
histopathological examination of AR plaques and NTFs in the
brain tissue is the only way to definitively confirm AD. Positron
emission tomography (PET), magnetic resonance imaging (MRI),
and cerebrospinal fluid (CSF) assessments have been used to
detect the presence of AD lesions in vivo [9]. CSF testing is a

highly invasive lumbar puncture with a limited number of
samplings, and therefore, has an extremely negative perception
among clinical AD patients, especially those at a high risk of
developing AD [9, 10]. Because of the high cost and perceived
invasiveness of these approaches, recent studies have focused on
plasma-based AD biomarkers to diagnose and facilitate clinical
trial recruitment [11]. Phosphorylation of tau at Ser (396, 404) (p-
tau™*) is one of the earliest phosphorylation events, and is a
major component of paired helical filaments (PHFs) and
oligomer, resulting in the formation of pentangles [12,13].
Increasing evidence confirms that ultrasensitive assays for tau
phosphorylation at threonine 181 (p-tau), 231 (p-tau™), and p-
tau®* can identify the presence of brain NFTs and AP plaques in
vivo and even predict the development of AD up to several years
before clinical onset [14-19].

Blood tests have the advantages of simplicity, low-cost
sampling, and non-invasiveness, allowing more frequent testing
and screening in various relevant settings, including primary care,
community health centers, and even at home [20, 21]. High levels
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of p-tau in the brain can be transmitted to the peripheral system
via neurons [22], peripheral monocytes [23], axons [24-27], and
exosomes [28, 29]. However, only a small fraction of p-tau enters
the blood, which makes it difficult to measure the low-abundance
p-tau that enters the blood in the matrix, as its concentration is
usually at the picogram level [18,30]. More than 85
phosphorylation sites on the tau protein of AD patients lead to the
diversification of p-tau isoforms, posing a great challenge to the
screening of phosphorylation-selective antibodies. Therefore, anti-
p-tau™** antibodies directly determine the accuracy and specificity
of diagnosis tools [19, 31, 32].

Currently, the detection of p-tau in the blood is mainly based
on improved enzyme-linked immunosorbent assay (ELISA), such
as the single-molecule counting (SMC™) immunoassay technology
and Meso Scale Discovery (MSD) electrochemiluminescence
immunoassay platform. While these methods can increase the
sensitivity of conventional ELISA for the detection of p-tau levels
in plasma by 20-100 folds, they are time-consuming and costly
and require special equipment (Table 1) [33,34]. For example,
MSD assays require expensive MSD imagers and specially
designed 96-well plates containing electrodes instead of plastic
plates, resulting in high assay costs ($35 per sample). High
detection costs and long testing time limit the application of these
methods in the early diagnosis of AD in primary and community.
Point-of-care testing (POCT) minimizes the time required to
obtain clinically relevant results using simple devices, enabling
clinicians and patients to make quick decisions. Colorimetric
lateral flow assay (LFA) is an acceptable point-of-care (POC)
diagnostic tool for the detection of p-tau levels in the plasma due
to its low cost, reliability, and short assay time [35]. However, lack
of quantification and low analytical sensitivity often hinder the
application of this technique.

Table1 Comparison of dual-readout LFA with other detection methods*

Method Analyte  Cost ~ Time Sensitivity Ref.

Dual-readout LFA p-tau***  Low  0.5h 3.8 pg/mL Thiswork

BSR-ELISA p-tau®* Moderate 15h 5 pg/mL [56]
SERS p-tau'>* NA NA NA [14]
Aptasensor p-tau™ Low  2.33h 4.71 pg/mL [57]
MSD p-tau'' High 5h 1.4pg/mL [31]
Simoa p-tau™ High 5h 22pg/mL (18]
ELISA tau Moderate 5h 780 pg/mL [58]

‘BSR, bienzyme-substrate-recycle; NA, not available; Simoa, Single
molecule array.

So far, various detection labels such as magnetic particles [36],
fluorescent microspheres [37], Au-Ag [38], lanthanide [39], and
upconversion nanoparticles [40] have been applied in LFA to
address the issues of colorimetric LFA sensors. Among them,
surface-enhanced Raman scattering (SERS) tags have high
sensitivity and have gained popularity in both in vivo and in vitro
diagnosis due to their excellent SERS activity and anti-interference
ability [41-43]. Recently, SERS-based LFA sensors have been
developed for the sensitive detection of several targets, including
bacteria [44], DNA [45], toxins [46], hormones [47], cancer [48],
and viruses [49]. However, the aforementioned SERS-LFA mainly
focused on targets with higher stability in samples. In fact, due to
its POC and ultrasensitive detection properties, SERS-LFA is an
ideal diagnostic tool for some low-abundance, easily degradable
plasma biomarkers such as p-tau™ and p-tau™***,

In this study, a colorimetric and SERS-based dual-mode lateral
flow assay was successfully established for the POC and
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quantitative detection of p-tau®™* in plasma. In this assay, the
Roman signaling molecule 4-mercaptobenzoic acid (4-MBA) was
modified on the surface of Au nanoparticles (AuNPs) to generate
strong SERS signals. The phosphorylation-selective and high-
affinity antibody 3G5 was then conjugated to 4-MBA@AuNP (4-
MBA®@AuUNP-3GS5) to capture soluble p-tau®**. The captured p-
tau™**-4-MBA@AuNP-3G5 complex was migrated along the
nitrocellulose (NC) membrane via chromatography and then
immobilized by the corresponding paired antibody 4B1 sprayed
on the test line. Test results can be observed with the naked eye
and quantified based on the SERS intensity or the colorimetric
value of the test line. To demonstrate the specificity of the dual-
readout LFA, we tested the cross-reactivity of LFA with several
plasma biomarkers, including p-tau™, p-tau™, p-tau®’, np-tau™,
and np-tau™*. Furthermore, we demonstrated the clinical utility
of this LFA for the POC detection of p-tau®** in plasma samples
of transgenic mice, AD patients, and healthy controls. Taken
together, this is an example of successful sensitive detection of p-
tau®* levels in clinical AD plasma samples using colorimetric and
SERS dual-mode test strips.

2 Experimental

2.1 Materials and instrumentation

Different forms of tau peptides were custom-synthesized as
lyophilized powders with a purity of > 95%. The sequences of the
synthesized peptides are shown in Table SI in the Electronic
Supplementary Material (ESM). Human p-tau™ and p-tau’”
ELISA kits were purchased from Jianglai Biotech Co., Ltd.
(Shanghai, China). p-tau™*-specific monoclonal antibodies
(mAbs) 3G5 and 4B1 were produced at our laboratory [17].
Dehydrated trisodium citrate (HAuCl,), 4-MBA, and bovine
serum albumin (BSA) were purchased from Sigma Aldrich (St.
Louis, MO, USA). Filter paper and semi-rigid polyvinyl chloride
(PVC) sheets were obtained from Jieyi Biological Technology Co.,
Ltd. (Shanghai, China). Glass fiber membranes and nitrocellulose
membranes were obtained from Millipore (Billerica, MA, USA).
Horseradish peroxidase (HRP)-conjugated or unconjugated goat
anti-mouse IgG was ordered from GenScript (Nanjing, China).
Protein A/G magnetic beads were gifted by LinkedIn
Biotechnology Co., Ltd. (Shanghai, China). Prestained protein
marker and high sensitivity enhanced chemiluminescence (ECL)
chemiluminescence detection kit were ordered from Vazyme,
Biotech Co., Ltd. (Nanjing, China).

Transmittance electronic microscopy (TEM) images were
obtained using a Tecnai G20 transmission electron microscope
(FEI Ltd., USA) at a voltage of 200 kV. Dynamic light scattering
was performed on the Zetasizer Nano ZS90 equipment (Malvern
Instruments, UK). Further, Raman spectra were collected from
900 to 1,200 cm™ with a 50x objective lens (N.A. = 0.75, WD =
0.37 mm), with a total of 3 points per sample measured using a
Raman microscope system (Horiba Jobin-Yvon LabRAM HR800,
Germany) operated at A = 785 nm. The laser power was set at
100 mW and the integration time was 15s.

2.2 Preparation of AuNPs and SERS nanoprobes

1 mL of 1% chloroauric acid solution was added to 99 mL of
deionized water, and then the mixture was heated with stirring.
After 15 min of heating, 1 mL of 1% trisodium citrate was added
when the solution began to boil slightly. A few minutes later, the
color of the solution gradually changed from colorless to gray,
black, purple, and finally red. Keeping the solution boiling, heating
was continued for 20 min to obtain 40 nm colloidal gold [50, 51].
Synthetic AuNPs were added with carbonate buffer (12 pL,
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0.1 M K,CO;), and then 15 uL of 4-MBA (1 mM) and 15 pg of
anti-p-tau™ mAb 3G5 were added and allowed to react for 30
min at room temperature. After incubation, the mixture was
centrifuged at 11,000x g for 15 min to remove excess 4-MBA and
mADb 3G5. Subsequently, 10 pL of 20% BSA dissolved in tris-
buffered saline (TBS, 20 mM Tris and 137 mM NaCl, pH 7.6) was
added to the 4-MBA®@AuNP-3G5 conjugate solution and
incubated at room temperature for 1 h to block naked 4-
MBA@AuUNP. Finally, 4-MBA@AuNP-3G5 conjugates were
collected and washed three times with TBS to remove unbound
reagents. The prepared 4-MBA@AuNP-3G5 conjugate was
resuspended and stored in a storage buffer (IBS, pH 8.4, including
0.05% protein stabilizer, 1% BSA, 0.1% poly(vinyl pyrrolidone)
(PVP), 1% NaNs, 0.1% polyethylene glycol (PEG), and 0.05%
Tween-20) at 4 °C for further use.

2.3 Dual-readout LFA preparation

Figure 1 describes the main components of integrated LFA,
mainly including the sample pad, the nitrocellulose membrane
(sprayed with T-line and control line (C-line)), and the absorption
pad assembled in sequence on a plastic backplane. Sample pads
were pretreated with TBS containing 1% BSA (w/v), 2% sucrose
(w/v), 0.1% PEG (v/v), and 0.05% Tween-20 (v/v), and then dried
at 60 °C. The T-line and C-line were sprayed on the surface of
nitrocellulose membranes with anti-p-tau®** 4B1 (1 mg/mL) and
goat anti-mouse antibody (1 mg/mL), respectively. The assembly
sequence of LFA was as follows: The sample pad was first placed
on the PVC plate, overlapping the NC membrane by 2 mm, and
then affixed 2 mm near the absorbent pad. After assembly, the
plate was evenly cut into 3-mm-wide strips, sealed with desiccant,
and stored at room temperature for later use.

24 Optimization of key parameters

To ensure optimal detection sensitivity of LFA, we optimized the
volumes of 4-MBA and K,CO; and the concentration of 3G5. To
optimize the volume of 4-MBA, 5, 10, 15, and 20 pL of 4-MBA
(I mM) were added to 1 mL of AuNP solution. The SERS
intensity of 4-MBA@AuNP in each volume was detected by the
labRAM HR800. To optimize the volume of K,COs, 4, 8, 12, 16,
20, 24, 28, and 32 pL of 0.1 M K,CO; were added to 1 mL of
AuNP solution, and the absorbance was detected at 525 nm. For
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determining the optimal loading of 3G5, 3G5 was added dropwise
to 1 mL of AuNP solution for obtaining final concentrations of 5,
10, 15, 20, 25, and 30 pg/mL.

25 Detection principle and test procedure of dual-
readout LFA

The prepared dual-readout LFA system developed for rapid and
visual detection of p-tau™** was based on a set of paired
antibodies. Because mAb 3G5 specifically and selectively binds to
p-tau™, whereas mAb 4B1 specifically and selectively binds to
both p-tau™ and p-tau*, the paired antibody enables the detection
of p-tau™*,

The dual-readout LFA assay procedure includes the following
steps: 30 pL of 3G5-modified 4-MBA@AuNP (4-MBA@AuNP-
3G5) was used to capture p-tau™* dissolved in the sample, and
was then dripped onto the sample pad. Further, 4-MBA@AuNP-
3G5-p-tau™* in the samples migrated along the NC membrane
and was immobilized with mAb 4Bl sprayed on the NC
membrane to form the T-line, whereas the remaining 4-
MBA@AuUNP-3G5 continued to migrate until it was immobilized
by goat anti-mouse IgG sprayed on NC membrane to form the C-
line. Test results were evaluated by the signal intensity of the color
or SERS on the T-line.

2.6 Sensitivity and specificity of dual-readout LFA

A series of concentration gradients from 125 ng/mL to 3.8 pg/mL
of p-tau™* solutions were prepared using TBS buffer. Antigen
enrichment was performed using 4-MBA@AuNP-3G5 in the
solution. Subsequently, the enriched antigen was loaded onto the
sample pad of the test strip. Following this, the signal intensity on
the T-line was analyzed by SERS. Under optimal conditions, a
standard curve was established by plotting the signal intensity on
the T-line with a series of p-tau™* concentrations. LFA specificity
was evaluated by testing several different tau proteins, including p-
tau™, p-tau, p-tau’’, np-tau™*, and np-tau”™ at 50 ng/mlL;
5 ng/mL of p-tau™* was used as the positive control and PBS was

used as the blank control.

2.7 Detection of plasma samples using dual-readout LFA

To evaluate the reliability of LFA, 26 plasma samples were
collected from 3- (n = 3) and 9-month-old 5xFAD (1 = 3) and age-
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Figure1 Flow chart for the preparation of dual-readout LFA. (a) Schematic representation of 4-MBA@AuUNP-3GS5 fabrication. (b) Separation and enrichment of p-
tau®*, following the loading of immunocomplexes onto the lateral flow test strips. (c) Imaging and interpretation of results.
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matched C57BL/6] (n = 6), AD patients (n = 6) and healthy
individuals (n = 7) and detected by LFA. All procedures involving
animal studies were reviewed and approved by the Institutional
Animal Care and Use Committee of Huazhong University of
Science and Technology. Details of the participants are
summarized in Table S2 in the ESM. Dual-readout LFA was
performed as described above.

2.8 Dot blot and ELISA

For Dot blot, 1 pg of p-tau™, p-tau™, np-tau™, and np-tau™ were
pipetted onto poly(vinylidene fluoride) (PVDF) membranes and
blocked in 5% skimmed milk with TBS buffer containing 0.05%
Tween-20 (TBS-T) at room temperature for 1 h. The membranes
were then incubated with 3G5 and 4B1 (1:1,000), followed by
secondary antibody HRP-conjugated goat anti-mouse IgG (H+L)
(1:8,000). After each step, the membrane was washed three times
in TBS-T. Finally, immunological signals were detected with high
sensitivity ECL chemiluminescence detection kit using Tanon
5200 Muiti (Shanghai, China).

For indirect ELISA, each well of a 96-well plate (NEST
Biotechnology Co., Ltd., Wuxi, China) was coated with 0.5 ug of p-
tau®* diluted in citrate-buffered saline (CBS, 14.2 mM Na,CO,
and 34.8 mM NaHCO;, pH 9.6) overnight at 4 °C. All wells were
blocked with 5% skimmed milk dissolved in TBS-T at 37 °C for
2 h. Next, the primary antibodies of 3G5 and 4-MBA@AuNP-3G5
at the same concentration were added to incubate with coated
antigens in each well at 37 °C for 2 h. HRP-conjugated goat anti-
mouse (1:8,000) was added to the plate and incubated for 1 h at
37 °C. The plate was washed four times with TBS-T in each step.
A highly sensitive soluble 3,3'5,5-tetramethylbenzidine (TMB)
substrate solution (Abcam) was added to detect the
immunoreaction and then stopped with 2 M H,SO,. An Epoch
microplate spectrophotometer (Bio Tek, USA) was used to analyze
the plates at 450 nm.

For p-tau™ and p-tau’” detection, human plasma samples were
collected and detected by the commercial ELISA Kkits, according to
the manufacturer's introductions.

2.9 Tissue imaging

Coronal cryosections of 3- and 9-month-old 5xFAD mouse brains
were blocked with 3% bovine serum albumin in TBS buffer
containing 0.2% Triton X-100 for 2 h at 25 °C, and then incubated
with Cy3-labeled anti-Af,, mAb 1F12 [52,53] and fluorescein
isothiocyanate (FITC)-conjugated anti-p-tau™** mAb 3G5 or 4B1
[17] overnight at 4 °C. Subsequently, the slides were washed five
times with TBS and stained with 6-diamino-2-phenylindole
(DAPL; Thermo Fisher Scientific). All fluorescence signals were
detected using a Zeiss LSM710 microscope.

2.10 Statistical analyses

The intensity of the T line in colorimetric mode was obtained by
scanning the strips and quantified with Image] [54]. Data are
presented as mean * standard deviation (SD). Unpaired t-tests
were used to compare multiple groups. One-way analysis of
variance (ANOVA) was used for multigroup comparisons.
Statistical significance is represented in figures by *p < 0.05. All
statistical analyses were performed using the GraphPad Prism 8.0
software.

3 Results and discussion
3.1 Principle of colorimetry and SERS dual-readout LFA

The poor detection sensitivity of LFA is one of the main reasons
limiting its application for the detection of low-level biomarkers in
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plasma. Herein, we propose that a dual-readout LFA using a pair
of high-affinity antibodies coupled with SERS can significantly
improve the LFA detection sensitivity. As shown in Fig. 1(a), the
AuNP was prepared and modified with Roman signaling
molecule 4-MBA, which was then conjugated with
phosphorylation selective antibody 3G5. The prepared 4-
MBA@AuUNP-3G5 was used to recognize and capture responding
antigens, and then loaded onto the lateral flow strips and
subsequently recognized by 4B1 sprayed on the T-line, forming
sandwich immunocomplexes and accumulating to produce a red
line (Fig. 1(b)). Uncaptured 4-MBA@AuNP-3G5 complexes were
subsequently immobilized in the control area by secondary
antibodies to generate a C-line. If a sample did not contain p-
tau®™, all uncaptured 4-MBA@AuUNP-3G5 complexes were
immobilized in the control area by the secondary antibody to
generate a C-line. The detection results can be judged by visual
observation of the color intensity of the aggregated AuNPs or by
quantitative analysis of the SERS signal intensity, both of which
are proportional to the sample concentration (Fig. 1(c)).

3.2 Characterization of 3G5 and 4B1 antibodies

Phosphorylation-selective antibodies were obtained by fusing B
cells and SP2/0 cells followed by screening with ELISA and
immunofluorescence using the limiting dilution method as
described previously (Fig.2(a)) [55]. mAbs 3G5 and 4B1 were
selected for the dual-readout LFA. The isotype of 3G5 and 4B1
was determined as IgG1 (Table S3 in the ESM). The purity and
molecular weight of 3G5 and 4B1 were identified by 12% reduced
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels (Fig. 2(b)). ELISA results showed high binding affinity
of 3G5 and 4B1 toward p-tau™* with Ky = 2.06 + 0.037 nM for
3G5 (Fig. 2(c)) and K, = 0.16 + 0.022 nM for 4B1 (Fig. 2(d)). Both
mAbs had titers as high as 10°, with IC;, values of 49 and 14 nM
for 3G5 and 4B, respectively (Table S3 in the ESM). The
bioactivity of the antibody pair was characterized by
immunofluorescence and dot-blot assay. Immunostaining results
showed that mAbs 3G5 and 4B1 could well recognize p-tau™*
aggregates in the brain of 5xFAD mice (Fig. 2(e)). In addition, the
dot-blot assay showed that 3G5 binds to p-tau™, and 4B1 binds to
p-tau™ and p-tau™, exhibiting two epitopes. Furthermore, the two
mAbs did not show any binding to non-Ser(P)-396/404 peptides
(Fig. 2(f), bottom), indicating that both 3G5 and 4Bl are
phosphorylation-selective.

3.3 Biomodification of SERS nanoprobe

The synthesized AuNPs exhibited a characteristic color of red
wine, and a single absorption peak at 525 nm (Fig. S1(a) in the
ESM and Fig. 3(a)). The morphology and size of the prepared
AuNPs were characterized by TEM and dynamic light scattering,
and the size was approximately 30-40 nm with good dispersion
and homogeneity (Figs. 3(b) and 3(c)).

To prepare SERS nanoprobes, a layer of Raman molecules (4-
MBA) was grafted onto the surface of AuNPs to form 4-
MBA@AuUNPs through a covalent bond between Au and the
sulthydryl groups of 4-MBA. The prepared 4-MBA@AuNPs were
further modified with 3G5. After conjugation with 3G5, the
hydrodynamic size of 4-MBA@AuNP-3G5 increased significantly
from 40 nm to approximately 70 nm, and the Zeta potential also
increased (Figs. 3(c) and 3(d)). Besides, the absorption spectrum of
3G5 was measured, resulting in a decrease in the absorption peak
at 280 nm after conjugation with 4-MBA@AuNP (Fig. S2(a) in the
ESM). In the ultraviolet-visible (UV-vis) spectrum shown in Fig.
3(a), the absorption peaks of 4-MBA@3G5-AuNPs showed a
slight red shift compared with those of 4-MBA@AuNDPs,
indicating that part of the antibody was modified on 4-
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Figure2 Screening and identification of antibodies. (

a) Schematic illustration of the monoclona.l antibody preparation process. (b) SDS-PAGE of purified mAbs 3G5

and 4B1. Binding affinities of 3G5 (c) and 4B1 (d) toward p-tau™*. (e) Confocal fluorescence images of p-tau™** aggregates in 5XFAD mouse brain slices stained with
Cy3-labeled 3G5 and 4B1. (F) Phosphorylation sites of p-tau™** as recognized by 3G5 and 4B1. Data are presented as means + SD, n = 3.

MBA@AuUNP. Furthermore, 12% reduced SDS-PAGE showed
that 3G5 was successfully coupled with 4-MBA@AuNPs
presenting typical light and heavy chains of antibody (Fig. S2(b) in
the ESM). Figure 3(e) shows characteristic bands of 4-
MBA@AuUNP-3G5 at 1,076 and 1,567 cm™. To evaluate the SERS
enhancement effect of 4-MBA@AuNP-3G5, we compared the
Raman intensities of 4-MBA@AuNP-3G5 and free 4-MBA at the
same concentration. Interestingly, 4-MBA@AuNP-3G5 had a
strong SERS signal, whereas free 4-MBA and AuNPs generated no
measurable signal (Fig. 3(e)). Compared with 4-MBA and AuNPs,
4-MBA@AuUNP-3G5 showed a SERS intensity value enhanced by
approximately 767 and 2,545 folds, respectively, indicating that
AuNP greatly enhanced the Raman intensity of 4-MBA (Fig. 3(f)).
The most intense band of 4-MBA@AuNP-3G5 at 1,076 cm™ was
used for quantitative analysis because of its good resolution. The
dissociation constant of 4-MBA@AuNP-3G5 (2.88 + 0.087 nM)
was slightly lower than that of 3G5 (2.06 + 0.037 nM), indicating
that 4-MBA@AuNP had little effect on the binding affinity of 3G5
to p-tau®™* (Figs. 3(g) and 3(h)). The immunoprecipitation
followed by reduced SDS-PAGE experiments was performed to
evaluate the performance of 4-MBA@AuNP-3G5 to enrich p-
tau® in the plasma. The results showed that 4-MBA@AuNP-
3G5 could identify and capture p-tau™* in spiked samples (Fig.
3(1)).

34 Optimization of dual-readout LFA working

conditions

To achieve the highest sensitivity of LFA, the working conditions
of LFA were optimized. The optimal loading of 4-MBA was first
optimized, directly affecting the SERS signal intensity of 4-
MBA@AuUNP-3G5. As shown in Fig. S3 in the ESM, the SERS
intensity increased on 4-MBA loading, but it stabilized when the
added volume of 4-MBA was 15 pL, indicating that AuNPs were
fully loaded with 4-MBA.

Next, the optimal volume of K,CO; was optimized, which was a
commonly used buffer for adjusting the pH of AuNP solutions for
better antibody binding. The results showed that when the volume
of 0.1 M K,CO; increased from 4 to 12 pL, the optical density at
525 nm (ODs;,;) increased from 0.38 to 0.67, and the absorption
spectral intensity gradually increased (Fig.S4(a) in the ESM).
When the volume of 0.1 M K,CO; was increased from 16 to
32 pL, the ODs,; value (Fig. S4(a) in the ESM) and absorption
spectrum intensity (Fig. S4(b) in the ESM) began to decrease. To
obtain a higher colorimetric ratio, 12 uL of 0.1 M K,CO; was
chosen as the optimal volume for antibody conjugation.

The number of antibodies conjugated to AuNPs also affects the
aggregation of AuNPs and the sensitivity of SERS-based
immunoassays. As the concentration of 3G5 increased from 5 to
15 ug/mL, the ODsy5 value of the 4-MBA@AuUNP-3G5 solution
gradually increased from 0.37 to 0.643 (Fig. S5(a) in the ESM).
However, when the concentration of 3G5 was further increased
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from 20 to 30 pg/mL, we observed a sharp drop in ODs,; value
(Fig. S5(a) in the ESM) and absorption spectrum intensity (Fig.
S5(b) in the ESM). Therefore, to maintain the stability of AuNPs,
15 ug/mL was chosen to be the optimal concentration of 3G5.

Given that LFA is ultimately tested on plasma samples, the salt
ion factor is also considered. However, the increase in the
concentration of salt ions such as NaCl interferes with AuNP
stability and leads to aggregation. Therefore, the stability of the 4-
MBA@AuUNP-3G5 solution was evaluated by adding different
concentrations of NaCl (150 to 1,500 mM). When NaCl
concentration was lower than 900 mM, the ODs,; value (Fig. S6(a)
in the ESM) and absorption spectrum (Fig. S6(b) in the ESM) of
the 4-MBA@AuNP-3G5 solution showed no obvious change.
However, when the NaCl concentration reached 1,200 mM, the
OD;,; value and absorption spectrum of the 4-MBA@AuNP-3G5
solution started to decrease (Fig. S6 in the ESM). With a further
increase in the NaCl concentration, the ODs, value and
absorption spectrum of 4-MBA@AuNP-3G5 significantly
decreased (Fig. S6 in the ESM). These results indicated that 4-
MBA@AuUNP-3G5 could withstand relatively high salt buffer
environments. Thus, the plasma NaCl concentration of
approximately 142 mM is acceptable for 4-MBA@AuNP-3G5
given its salt tolerance of over 1,200 mM.

3.5 Specificity and sensitivity of dual-readout LFA

The performance of dual-readout LFA was evaluated under
optimal experimental conditions. The specificity of LFA was tested
using five different tau species, including p-tau™, p-tau™, p-tau®”,

1% £ % it
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np-tau™, and np-tau®**. Further, p-tau™* and PBS were used as
positive and blank controls, respectively. In the colorimetric mode,
the red T-line was only observed in the presence of p-tau™**, but
not in the presence of p-tau™, p-tau™, p-tau?’, np-tau™, and np-
tau™** samples (Figs. 4(a) and 4(b)). Similarly, in the SERS mode,
the characteristic bands of 4-MBA were detected at only
1,076 cm™ (Fig. 4(c)). However, no SERS signal was detected in
other tau species, indicating the high specificity of LFA (Figs. 4(c)
and 4(d)).

Different concentrations of p-tau®™* standard solutions,
ranging from 3.8 pg/mL to 125 ng/mL, were used to evaluate the
detection ability of dual-readout LFA. In the colorimetric mode,
the cut-off value for LFA was defined as the minimum p-tau®**
concentration at which the color on the T-line is completely
invisible. As shown in Fig. 5(a), the color intensity on the T-line
gradually weakens with the decrease in p-tau™* concentration.
The results showed that the visual detection limit for p-tau™** was
60 pg/mL and the upper limit of detection was 125 ng/mL. Figure
5(b) and Fig. S7(a) in the ESM showed nonlinear and linear
standard curves between T-line color intensity in LFA and p-
tau™* concentrations ranging from 60 pg/mL to 125 ng/mL,
respectively. In SERS mode, the Raman signal showed a good
response with increasing p-tau™** concentration from 3.8 pg/mL
to 125 ng/mL (Fig. 5(c)), exhibiting a good and wide nonlinear
and linear range (Fig. 5(d) and Fig. S7(b) in the ESM). Notably,
the limit of quantification of SERS-based LFA was as high as
3.8 pg/mL, which was approximately 16-fold higher than that
observed in the colorimetric mode, indicating the significant
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enhancement of the Raman signal and good performance of LFA
in SERS mode (Fig. 5(e) and Table 1).

3.6 Performance evaluation of dual-readout LFA for the
detection of plasma samples

Considering the encouraging sensitivity and selectivity of dual-
readout LFA toward p-tau™”, we further evaluated its
performance in plasma samples. We first evaluated the
performance of LFA in the plasma samples of 3- or 9-month-old
AD transgenic mice (5xFAD) or control mice (C57BL/6]) (n = 3
per group). The results showed that p-tau™** was detected in the
blood of 3- and 9-month-old 5xFAD mice, but not in the plasma
of age-matched C57BL/6] mice (Fig.6(a)). The LFA results in

colorimetric or SERS mode showed that the level of p-tau®* in
the plasma of 9-month-old 5xFAD mice was significantly higher
than that in the plasma of 3-month-old 5xFAD mice (Figs.
6(a)-6(c)). This phenomenon may be explained by the fact that 9-
month-old 5xFAD mice are in a more severe stage with more p-
tau** and AP plaque burden compared with 3-month-old
5xFAD mice (Fig. 6(e)), increasing blood p-tau™* levels. We
further found that the T-line color intensity in the plasma of
5xFAD mice was approximately 17.1 times stronger than that in
C57BL/6] mice. However, in the SERS mode, the SERS intensity
of the T-line in 5xFAD mice was approximately 112.8-fold higher
than that in C57BL/6] mice, which was further 6.6-fold higher
than that observed in the colorimetric mode, indicating SERS has
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extremely strong sensitivity and anti-interference ability (Fig.
6(d)).

In addition to mouse plasma samples, we also tested human
plasma samples, including healthy controls (n = 7) and AD
patients (n = 6). The results showed that red T-lines were observed
with naked eyes in AD patients but not in healthy controls in
colorimetric mode (Fig. 7(a)). Similar results were observed in the
SERS mode. SERS spectra were found to be higher in AD patients
than in the healthy control group (Fig. 7(b)). More importantly,
the p-tau™* in AD patient and healthy controls plasma could be
differentiated, and the results were identical to those obtained
from the clinical diagnosis (Fig. 7(c), and Fig. S8 and Table S2 in
the ESM). Taken together, our results indicated that the prepared
LFA has a strong potential to differentiate between AD patients
and healthy controls, ensuring optimal patient management.

3.7 Stability of 4MBA@AuNP-3G5 and dual-readout
LFA

The storage stability of 4-MBA@AuNP-3G5 and LFA was further
investigated. 4-MBA@AuNP-3G5 was stored in solid form at 4 °C

for 60 days, while LFA was stored at room temperature for 60
days, and then their storage stability was tested separately. We first

Tsinghua University Press

assessed the SERS signal of 4-MBA@AuNP-3GS5 after storage. As
shown in Fig. 7(d) and Fig. S9(a) in the ESM, characteristic bands
were observed in 4-MBA@AuUNP-3G5 before and after storage at
1,076 cm™, and the corresponding SERS intensity did not change
significantly. In addition, the biological activity of 4-MBA@AuNP-
3G5 before and after storage was evaluated by ELISA. The ELISA
results showed that no significant change was observed before and
after storage, and both of them could recognize p-tau™* (Fig.
S9(b) in the ESM).

Furthermore, the stability of dual-readout LFA was investigated
using different concentrations of p-tau™** protein. Figure 7(e)
shows the visual results of LFA for the detection of low
(60 pg/mL), medium (1,000 pg/mL), and high (4,000 pg/mL)
concentrations of p-tau™* protein after 60 days of storage. The
intensity of color and SERS increased with increasing p-tau™
concentration (Fig. S10 in the ESM and Fig. 7(f)). Notably, dual-
readout LFA also showed positive results when p-tau™* protein
concentration was 60 pg/mL by the naked eye, indicating the
strong stability of LFA.

4 Conclusions
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In this study, we first developed a colorimetric and SERS-based
dual readout LFA to detect p-tau™**. LFA can be used for the
rapid and quantitative detection of p-tau®** by SERS with a limit
of quantification of 3.8 pg/mL and no cross-reactivity with other
tau species. Besides, in colorimetric mode, LFA also allows visual
judgment with a limit of quantification of 60 pg/mL. Results from
mouse and clinical AD samples confirmed that the developed LFA
has the feasibility and ability to rapidly detect p-tau®*, which is
beneficial for the early diagnosis or enrichment of clinical trial
populations of AD patients. It can further be used to monitor
treatment effects, especially in the absence of PET or MRI
imaging.
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