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1. Materials and reagents

Streptavidin (STV)-coated magnetic nanobeads (~300 nm) were purchased from Ademtech
(Pessac, France). Tau protein was purchased from Abcam (Waltham, MA, USA). Biotinylated
Tau monoclonal tau-12 antibody (tau Abl) was purchased from Biolegend (San Diego, CA,
USA). Biotinylated monoclonal tau HT7 antibody (tau Ab2) was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Amyloid B-protein (AfB) was purchased from Shanghai
Chairbio Technology Co., Ltd (Shanghai, China). Prostate-specific antigen (PSA), cardiac
troponin I (cTnl), and corresponding biotinylated antibody pairs, including monoclonal capture
antibody (Ab1) and monoclonal detection antibody (Ab2) were purchased from Shanghai Linc-
Bio Science Co., Ltd (Shanghai, China). Alpha-fetoprotein (AFP) and carcinoembryonic
antigen (CEA) were purchased from Shanghai Linc-Bio Science Co., Ltd (Shanghai, China).
Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 20 %
SSC buffer (3 M NaCl, 300 mM sodium citrate, pH = 7) and Tween-20 were obtained from
Sangon Biotech (Shanghai, China). Fetal bovine serum (FBS) was purchased from Procell Life
Science & Technology Co., Ltd (Wuhan, China). The AlexaFluor488 (AF488)/biotin-labeled
and Cyanine 5 (CyS5)/biotin-labeled two fluorescence probes were synthesized by Sangon

Biotech (Shanghai, China), and the detailed sequences are listed in Table S1.

Table S1. The DNA sequences used in this study

Name Sequence (5'-3")

AF488 fluorophore-labelled probe biotin- (T)o- Alexa Flour 488

CyS5 fluorophore-labelled probe biotin- (T),o- Cyanine 5




2. Detailed experimental procedures
Functionalization of the nanobeads

Firstly, 0.07 mg nanobeads (~1.2 x 10'%) were pipetted out and dispersed in a 1 x SSCT-BSA
buffer (150 mM NacCl, 15 mM sodium citrate, 0.1% v/v Tween-20, 5% w/v BSA, pH = 7.0).
Then, 8.4 pg biotinylated antibody Tau Ab1 and 140 pmol of biotin/Alexa Flour 488 (AF488)
fluorophore-labelled probe were added to the solution and incubated for 0.5 h at room
temperature. Thereby, both the fluorescent probes and the Tau Abl antibodies were
immobilized on the nanobeads through the STV-biotin interaction, producing Ab1-AF488-
nanobeads. Additionally, another 0.07 mg Ab2-Cy5-nanobeads co-immobilized with the
biotinylated antibody Tau Ab2 and Cyanine 5 (Cy5) fluorophore-labelled probe were prepared
according to the same procedures. After magnetic purification, the two types of nanobeads were

respectively resuspended in 45 mL 1 x SSCT-BSA buffer and stored at 4 °C for future use.

Standard procedure of tau protein detection based on target-induced aggregation

The functionalized nanobeads and Tau protein were diluted by 1 x SSCT-BSA to the required
concentrations. Simply, the two types of the above prepared nanobeads (~2.4 x 10°,
respectively) and a series concentrations of Tau protein were added to conduct the sandwich
immunoreaction between two nanobeads in 10 pL of 1 x SSCT-BSA buffer for 1.5 h at room
temperature under shaking. The 10 pL reaction system comprised: 1 pL Ab1-488-nanobeads
(~2.4 x 10° beads/uL), 1 pL Ab2-Cy5-nanobeads (~2.4 x 10° beads/uL), 1 uL Tau protein
solution at varying concentrations, and 7 uL. 1 x SSCT-BSA. And then, the reaction mixture
was diluted to 300 pL with 1 x SSC buffer and analyzed with a flow cytometer (BD
Biosciences, BD FACSCelesta). For each sample, 10,000 events were monitored one-by-one
at the FL1 (AF488) and FL4 (CyS5) channels under 488 nm and 640 nm excitation, respectively.
In this way, the nanobeads of single-color and dual-color can be clearly discriminated. And the
quantification of the protein target in each sample was achieved by evaluating the aggregation

percentage of the detected nanobeads.

Optimization of nanobead number used in the proposed assay

The number of nanobeads can obviously influence the random collision probability between



two types of nanobeads. Thus, the number of each kind of nanobead used in the proposed assay
was optimized from 1.2 x 103 to 4.8 x 10° As shown in Fig. S1, the aggregate percentage
produced by blank control increases slowly and then remains stable as the number of nanobeads
increases from 1.2 x 105 to 4.8 x 10°. Meanwhile, as the number of nanobeads increased from
1.2 x 10° to 2.4 x 106, the aggregate percentages gradually increased. However, the aggregate
percentages will be decreased when the number of nanobeads continues to increase to 4.8 X

10°. Therefore, 2.4 x 10° of each nanobead was chosen as the optimum in this assay.
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Fig. S1. Evaluation of the number of nanobeads used in the proposed assay. The Tau protein

concentration was fixed at 200 pg/mL.



3. Generality of the proposed flow cytometric immunoassay
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Fig. S2. (A) The AF488 vs. CyS5 scatter plots of the nanobeads in the presence of different concentrations
of PSA. (B) The relationship between the aggregation percentage and the concentration of PSA. Error

bars represent the standard deviation of 3 replicate tests.
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Fig. S3. (A) The AF488 vs. CyS5 scatter plots of the nanobeads in the presence of different concentrations
of ¢Tnl. (B) The relationship between the aggregation percentage and the concentration of ¢cTnl. Error
bars represent the standard deviation of 3 replicate tests.

The versatility of the nanobead-aggregation assay strategy is investigated by detecting
prostate-specific antigen (PSA) and cardiac troponin [ (cTnl) (Fig. S2 and Fig. S3), respectively
by using PSA- and cTnl-specific antibody pairs. Similar to the Tau protein results, the
percentage of dual-color nanobead aggregates increases with the ascending concentration of
PSA and cTnl, and both targets exhibit good logarithmic relationships between protein
concentration and aggregate percentage. These results demonstrate that this strategy has good
versatility for detecting different protein targets.

Specifically, as shown in Fig. S2B, there is a logarithmic relationship between PSA
concentration (Cpss, pg/mL) and aggregation percentage (P), the corresponding correlation
equation is AP = 16.26 In (Cpsa + 464.85) — 100.10 with R? = 0.9963.

As shown in Fig. S3B, there is a logarithmic relationship between cTnl concentration
(Cerar, pg/mL) and aggregation percentage (P), the corresponding correlation equation is AP =

13.13 In (Ceqyr + 3167.38) — 105.94 with R? = 0.9953.



4. Detection of Tau in biological sample
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Fig. S4. The comparison of the added concentration (yellow) and actually detected concentration of
Tau protein in FBS by the proposed strategy (blue).

To investigate the potential detection capability of this strategy in complex samples, it was
evaluated by detecting the Tau protein spiked in fetal bovine serum (FBS). The 10 pL reaction
system comprised: 1 uL Ab1-488-nanobeads (~2.4 x 109 beads/uL), 1 uL Ab2-Cy5-nanobeads
(~2.4 x 10° beads/uL), 1 puL Tau protein solution, 6 uL. 1 x SSCT-BSA and 1 puL 1% FBS
(diluted by 1 x SSCT-BSA). The incubation conditions were identical to those described above.
The recovery rates are calculated to be 95% and 92% when the concentrations of Tau protein
were 100 pg/mL and 200 pg/mL, respectively (Fig. S4). All results indicate that this strategy

has great potential in detecting proteins in complex samples.



Comparison of different bead-based immunoassays

Table S2. Comparison of different bead-based immunoassays

. . LOD/Lowest detectable Amplification Number .
Sensing strategy Bead Size concentration Method of Steps Duration Ref
Chemiluminescence imaging-based digital immunoassay 2.8 pm 50 fg/mL (PSA) TSA-amplification 3 2.5h S1
FCM digital immunoassay 3.2 um 7.22 fM (HE-4) Rolling circle 6 3h )
’ ’ amplification
. . C Rolling circle
Fluorescence imaging-based digital immunoassay 2.8 pm 0.022 pg/mL (Tau) amplification 4 5h S3
FCM immunoassay 2.8 um + 16 nm 0.5 pg/mL (PSA) TdT-amplification 4 4h S4
Cellphone-enabled microbead aggregation assay 5 um 0.125 ng/mL (PSA) N/A 1 0.5h S5
Aggregation-collision-enabled electrochemical immunoassay 20 nm 5 pg/mL (AFP) N/A 1 1h S6
Size-encoded the electrlgal resistance-based particle counting 3um+ 1 um 0.12 ng/mL (Procalcitonin) N/A 2 40 min g7
immunoassay
Colorimetric and surface-enhanced Raman scattering dual- 30-40 nm 1 pg/mL (Tau) N/A 4 25 min S8
readout lateral flow assay
AuNP aggregation enabled colorimetric immunoassay 150 nm 0.79 ng/mL (Enrofloxacin) N/A 1 15 min S9
FCM-based bead aggregation assay 2.8 um 5 pg/mL (PSA) N/A 1 1h S10
FCM-based bead aggregation assay 4 pm + 200 nm 22 pg/mL (PSA) N/A 4 3h S11
. This
FCM-based bead aggregation assay 300 nm 5 pg/mL (Tau) N/A 1 1.5h

work




6. Comparison of different strategies for Tau detecting

Table S3. Comparison of different strategies for Tau detecting

Capture Detection . LOD/Lowest detectable
Strategy antibody antibody Antigen type concentration Features Ref.
Novel enzyme-linked hTau441- hTau p181- Standard sandwich ELISA,
immunosorbent assay E22A3 Rk27A6 p-taul8l 3.06 pg/mL resistant to contamination S12
. . . . Monoclonal Monoclonal Tetraplex detection,
Microscopic imaging counting Tau HT7 Taul2 Tau441 55.7 pg/mL amplification-free S13
Dual-mode magnetic SERS: 1.5 pg/mL Dual-signal readout,
immunosensor 3GS RI p-tau (396,404) Colorimetric: 24 pg/mL whole blood detection Si4
Semiconductor SERS platform Taul.5H3 N/A (Aptamer BD-Tau 0.028 pM En.hancec.l Ramap signals, S15
employed) visual diagnostic report
. . . Label-free,
Surface plasmon resonance imaging | R-anti-pT181 N/A p-taul8l1 1.12 pg/mL 2D arrays/microarrays S16
Light-initiated chemiluminescence clone AT270 clone Taul2 p-taul8l 0.19 pg/mL Wash free, cost reducthn, 317
assay fully automated analysis
Dual-readout lateral flow SERS: 1 pg/mL Dual-signal readout,
immunoassay 3G> Rl p-tau (396,404) Colorimetric: 40 pg/mL dual-target detection S8
. Monoclonal Monoclonal One-step detection, This
FCM-based bead aggregation assay Taul2 Tau HT7 Tau441 5 pg/mL (0.11 pM) simple protocol work
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