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Figure S1. TEM images and silica shell thicknesses distributions of 75 nm
Au@SiO, NPs. (A-B) 75 nm Au@4.0+ 0.8nm SiO, NPs, (C-D) 75 nm

Au@8.4+1.1 nm SiO; NPs, (E-F) 75 nm Au@14.9242.0 nm SiO; NPs, (G-H) 75 nm
Au@24.622.7 nm SiO, NPs. Data are represented as mean =TEM. Related to Figure
2.
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Figure S2. UV-Vis spectra of the 75 nm Au@SiO, NPs. Related to Figure 2.



Figure S3. Photograph of the monolayered 75 nm Au@21.5 nm SiO;

nanomembrane. Related to Figure 2.
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Figure S4. ECL intensity of the 75 nm Au@21.5 nm SiO, modified MASNE at 0.1
M PBS solution (containing 20 & M Ru(bpy)s** and 0.1 mM tri-n-propylamine
(TPrA)) with different pH value. Related to Figure 3.
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Figure S5. ECL intensity of the 75 nm Au@ SiO, modified MASNE with
different silica shell thicknesses (0.1 M PBS solution (pH=9) containing 20 pmol
L™ Ru(bpy)s** and 0.1 mmol L™ TPrA). Related to Figure 3.
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Figure S6. The comparison of ECL intensity between 75nm Au@21.5 nm SiO,
NPs and 75 nm AuNPs fabricated ECL electrodes using Ru@SiO;, as
luminophore. Inset: enlarged image of ECL intensity of Au modified ITO and

bare ITO electrode. Related to Figure 3.



Figure S7. SEM images of the fabricated monolayered SiO,
nanomembrane-based ECL electrode. (A) Top view, (B) Side view of the SEM

image. Related to Figure 3.
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Figure S8. ECL intensity of bare SiO,NPs fabricated MASNE in 0.1 M PBS
(pH=9) buffer containing 20 1 M Ru(bpy)s** and 0.1 mM tripropylamine (TPrA).
Related to Figure 3.
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Figure S9. Microscopy-based selected area dark field scattering image of the

MASNE constructed with 75 nm Au@21.5 nm SiO;, NPs. Related to Figure 3.
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Figure S10. Wavelength dependent EM field enhancement with excitation light
of (A) 450 nm, (b) 550 nm, (c)700 nm. Related to Figure 3.



0 4 8 12 16 20 24 28 '0510'15202530
Silica shell thickness (nm) Silica shell thickness (nm)

Figure S11. TEM images and silica shell thicknesses distributions of Au@SiO;

NPs. (A, C) 50 nm Au@19.94+1.9 nm SiO,. (B, D) 20 nm Au@22.5+3.2 nm SiO..
Related to Figure 3.

Aol B iof

S0nm
— S0nmAu@19.9nmSi0,

20nm Au
20nmAu@?22.5nmSi0,

0.8f
0.6F
0.4}

Extinction (a.u.)
Extinction (a.u.)

0.2+

0.0

450 5(I)() 55() 660 6&0 760 750 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure S12. UV-Vis spectra of Au@SiO, NPs. (A) 50 nm Au@19.9+1.9 nm SiO..
(B) 20 nm Au@22.5+3.2 nm SiO,. Related to Figure 3.
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Figure S13. Simultaneous electrochemical measurements of ECL electrodes

modified with different Au@21.5 nm SiO, NPs. Related to Figure 3.
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Figure S14. The ECL intensity of the Au@21.5 nm SiO,-based MASNEs with
different AuNPs sizes in 0.1 M PBS (pH=9) buffer containing 20 pM Ru(bpy)s**
and 0.1 mM tripropylamine (TPrA). Related to Figure 3.
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Figure S15. Comparation of ECL intensity between 75 nm Au@21.5 nm SiO;
NPs-based MASNE, ITO and disorderly stacked 75 nm Au@21.5 nm SiO; NPs

fabricated ECL electrode. Related to Figure 3.

Figure S16. SEM images of the disordered Au@SiO; fabricated ECL electrode.
Related to Figure 3.
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Figure S17. Cyclic voltammograms (in 2 mM KsFe(CN)g solution, sweep rate 50

mV/s) for the ECL sensing platform during the fabrication. Compared with the

bare MASNE, the peak current decreases after every modification step because of the

poor conductivity of the biomolecules and Ru@SiO,. Related to Figure 5.

Table S1. Comparison of ECL immunosensor with other reported immunosensors for

determination of PSA. Related to Figure 5.

methods linear range detection limit reference
Zheng et al.,

electrochemical - 0.9 pgmL™ (zheng et &
2005)

-li Rissi L,
enzyme linked 14 fg mL™ (0.4 fM) (Rissin et a
immunosorbent assay 2010)

Y L,
electrochemical 0.4-40 ng mL™ 4 pgml™ (u et a
2006)
1 1 1 (Cheng et al.,
SERS 5.0 pgmL™-50 ng mL™ 0.012 ng mL 2017)
. (Nam et al.,
Bio-bar-code assay - 0.003-0.03 fM
2003)
ECL 0 00 Lt (Shao et al.,
5-500ngm 0.058 ng mL™ 2018)
ECL 5.0pgmL*5.0ngmL? 0.8pgmL™ @ et al,
2014)
ECL 10fgmL™-1pgmL® 3 fgmL?(~0.1fM) This work



Transparent Methods
Materials

3-Aminopropyltrimethoxysilane (APTMS), Tri(2,2’-bipyridyl)dichlororuthenium (1I)
hexahydrate (Ru(bpy)sCl,,6H,0), Sodium citrate (NasCA), Tripropylamine (TPrA),
sodium silicate (Na,SiO3) were purchased from Sigma-Aldrich. HAuCl, 4H,0,
methanol, n-hexane were purchased from Beijing Chemical Factory (Beijing, China).
Tetraethyl orthosilicate (TEOS) and Triton X-100 (TX-100) were purchased from
Aladdin Co., Ltd. ITO-coated glass was purchased from Zhuhai Kaivo Optoelectric
Technology Co., Ltd. 3-(Triethoxysilyl)propylsuccinic anhydride was purchased from
Innochem Co., Ltd. Bovine serum albumin (BSA), 19G, Mb, PSA, AFP, cTnl were
purchased from Sinopharm Chemical Reagent Co. Ltd. (Beijing, China). All of the
chemicals were used without further purification. Water used throughout all these
experiments was purified with a Millipore system (18.2 MQ- cm).
Characterization

The size and morphologies of the Au@SiO, NPs were characterized with a
JEM-2100F transmission electron microscope (TEM) and scanning electron
microscope (SEM) images were performed with an XL30 ESEM SEM. The UV—vis
absorption spectra were obtained by a UV-2600 spectrophotometer (Shimadzu).
Optical microscopy-based selected area dark-field scattering images and spectra were
obtained by using an inverted Leica DMI6000B microscope (Germany), equipped
with a Princeton spectrometer (P1XIS 256). The ECL experiments were performed on
a MPI-A multifunctional electrochemical and chemiluminescent analytical system
(Xi’An Remax Electronic Science & Technology Co. Ltd., 350-650 nm). The voltage
of the photomultiplier tube (PMT) was set at 500 V. The experiments were carried out
with a conventional three-electrode system. The working, counter and reference
electrodes were ITO electrode, Pt wire and Ag/AgCI electrode, respectively.
Synthesis of Au@SiO, NPs

The AuNPs with different size were synthesized by the methods reported
elsewhere.(Frens, 1973; Haiss et al., 2007) Au@SiO;, NPs of different silica shell



thicknesses were synthesized by the method reported by Tian’s group and our
previous work (Li et al., 2010) with minor modification. Typically, 700 uL of fresh
prepared 1 mM APTMS was drop-wise added to 30 mL of 75 nm gold sol and stirred
for 20 min vigorously; then about 4 mL of 0.54% Na,SiO3 and 100 pL of 0.1 M
H,SO, was added in the mixture and heated at 90 °C for a period of time. After
cooling to the room temperature, the nanoparticles were centrifuged at 4000 rpm for
18 min and diluted to 10 mL with deionized water. Au@SiO, NPs with tunable
shell-thickness (4~8 nm) can be obtained by carefully controlling the reaction time,
pH and concentration. In order to further increase the silica shell thickness, 10 mL
Au@8 nm SiO,NPs obtained were added to a mixture of 40 mL ethyl alcohol and 600
uL NH3 H;0, then a certain amount of 1% TEOS were added. After stirring at room
temperature for 12, 24, 36 h, Au@SiO, NPs with silica shell thicknesses of ~15, ~22
and ~25 nm were obtained respectively.

Modification of Au@SiO, NPs

In order to improve the quality of the self-assembled nanomembrane, Au@SiO;
NPs with silica shell thicknesses of ~15 nm, ~22 nm, ~25 nm were carboxylated with
3-(Triethoxysilyl)propylsuccinic anhydride by the following steps. Firstly, the
as-prepared Au@SiO, NPs were centrifuged at 5000 rpm three times and diluted with
isopropanol. Then, 0.5 mL of 10 mM 3-(Triethoxysilyl)propylsuccinic anhydride were
added and heated at 85°C for 24 h. Finally, the nanoparticles were centrifuged at
6000 rpm for three times and diluted with deionized water to 10 mL.

Fabrication of monolayered Au@SiO, nanomembrane-based ECL electrode
(MASNE)

ITO glass was firstly cleaned with sonication in water, acetone, ethyl alcohol and
finally in water for 10 min, respectively. Then, each slide was placed in a solution of
5:1:1 H,O + 30% H,0,+25% NH3 and heated at 80 <C for about 20 min. Finally, the
ITO glasses were dried with N,. The monolayer Au@SiO, nanomembranes were
prepared by a method of liquid/liquid interface self-assembly (LLISA). Typically, 3
mL of Au@SiO, NPs was added to a plastic container, then 460 uL of n-hexane was

added to form a two-phase interface. Then, 3.7 mL of methanol was poured rapidly



into the mixture to capture the nanoparticles at the hexane/water interface. After the
evaporation of hexane, the nanoparticles were simultaneously self-assembled into a
monolayer over a large area (up to several cm?) at the water/hexane interface. Then
the nanomembranes were transferred carefully from the “soft” air—water interface
onto the ITO electrodes as depicted in our method reported elsewhere. (Wu et al.,
2016) The disordered nanomembranes-based ECL electrode was prepared by a
dropping method with the same amount of Au@SiO, NPs.
Preparation and modification of Ru@SiO, nanoparticles

Based on the previous studies (Dong et al., 2016; Zhang and Dong, 2006),
Ru@SiO, nanoparticles were prepared as follows: First, 1.80 mL of Triton X-100
were mixed with 7.5 mL of cyclohexane, 340 uL of 40 mM Ru(bpy)s** and 1.8 mL of
n-hexanol. After stirring for 30 min, 0.1 mL of TEOS was added into the solution.
Then, the polymerization reaction was started by adding 60 uL of NH3H,0. The
solution was stirred for 24 h to obtain Ru@SiO, NPs, which were isolated by acetone,
and followed by centrifuging and washing with isopropanol. The precipitation was
dispersed with isopropanol to a final volume of 15 mL. In order to carboxylate the
surface of Ru@SiO, NPs, 62 mg of 3-(Triethoxysilyl)propylsuccinic anhydride were
added and heated at 85°C for 24 h. Finally, the nanoparticles were centrifuged at
8000 rpm for three times and diluted with deionized water to 15 mL.
Modification of Ru@SiO, NPs with Abs.

1 mL of Ru@SiO; NPs were mixed with 400 pL EDC (0.35 M) and NHS (0.1 M)
solution for 40 min under stirring. Subsequently, 200 uL of Ab, (0.1 mg/mL) were
added and stirred for 12 h at room temperature. Finally, the mixture was centrifuged
and washed two times with water. Then the mixture was blocked by BSA solution for
1 h at room temperature, and thereafter centrifuged at 8000 rpm for 15 min. The
precipitation was dispersed into 2 mL of 0.01M PBS (pH 7.4).

Fabrication of the PSA ECL biosensor
Firstly, a MASNE was added into the mixture solution containing 400 uL of EDC
(0.35 M) and NHS (0.1 M) for 40 min. Then, 10 uL of Ab; (0.1 mg/mL) were dropped



on the MASNE and incubated for 2 h at 25°C. Subsequently, the MASNE was washed
with 0.01 M PBS (pH 7.4) to remove the nonspecific absorption of Ab;. The MASNE
was then blocked with 3% BSA blocking solution for 2 h to block non-specific
binding sites and washed with the washing buffer thoroughly. Next, 10 uL of PSA was
dropped on the MASNE-ADb; and incubated for 2 h at 25°C. Thereafter, the decorated
MASNE was washed with 0.01 M PBS (pH 7.4). At last, the decorated MASNE was
incubated in the Ru@SiO,-Ab, NP solution for 4 h, and then washed with the washing
buffer. The ECL tests were performed in 0.1 M PBS (pH=7.4) containing 0.1 mM
TPrA and the linear scan potential was applied from 0-1.35 V with a scan rate of 100

mV/s.
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