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Abstract:

Sensitive and portable quantification of biomarkers has particular significance for
the monitoring and treatment of clinical diseases. Conventional immunoassays were
accustomed to introducing or incorporating enzymes for signal amplification, which
commonly suffered from poor stability and inferior tolerance. Herein, we constructed a
novel non-enzyme amplification methodology based on fluorogenic Ag*-tetrazolate
aggregation coupled with silver corrosion sensitization for biomarkers determination. A
significant cascade enhancement strategy was achieved by the valid aggregation
luminescence caused by the potent disintegration of silver nanoparticles (AgNPs).
Furthermore, the efficient magnetic separation was also combined and performed for the
rapidity and simplicity of operation. As the target, the detection limit of prostate-specific
antigen (PSA) was 15.66 pg/mL in our designed biosensor. Besides, a good linear
relationship was obtained. The designed biosensor demonstrated good specificity and
successfully applied to clinical serum samples detection.

KEYWORDS: non-enzyme amplification, prostate-specific antigen, AgNPs dissolution,

aggregation-induced emission, magnetic separation

The design and promotion of sensitive, portable and cost-effective platforms for
disease-related biomarkers detection is extremely desirable in clinical research and early
diagnosis.!-* Various significant detection platforms based on enzyme-catalyzed signal
amplification have been reported, such as electrochemical,*> chemiluminescence,®’
raman,®®  fluorescence!®!!  and  colorimetric  assays.!”!3  Currently, the
immunofluorescence assay was recognized as the most widely applied method, which
could well accommodate with immune sandwich reaction and coupled with considerable
sensitivity.' However, the inherent defects of enzymes include poor stability, volatile
activity, and high-cost, seriously undermine the enzyme-based performance and curb
their wide application.!>-1® Therefore, there is still a compelling demand for novel
enzyme-free biosensors with high sensitivity, operational simplicity for biomarkers
detection.

In recent years, the advancements in nanomaterials open new ways for non-enzyme

bio-detection. Especially the noble metal nanoparticles, showing good biocompatibility,!”
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large extinction coefficient,!® and unusual chemical properties,’® have been successfully
employed in medical testing and chemical analysis fields. Gold nanoparticles, CuS
nanoparticles, and ZnO quantum dots have been performed as fluorescent signal
converters by anchoring on antibodies for biomarkers detection,?’-?> but without other
accessional signal amplification. Notably, the silver nanoparticles (AgNPs) have drawn
great interests due to its remarkable AgNPs-to-Ag" signal amplification characteristic by
chemical etching. Moreover, the Ag* has been widely used in bioanalytical sensors for
ions,? proteins,?* small molecule,”® and nucleic acid?® detection due to its unusual
electronic and chemical properties. Hydrogen peroxide (H,O,), as the potent oxidative
etchant, can instant etch the AgNPs and convert atoms into ions due to the higher

electrochemical potential than Ag*/Ag. 27 And according to the report,”® one 20 nm

AgNPs can be dissolved into probably 2x10° of Ag*, which can endow the testing system

with another effective signal magnification. Considering that the AgNPs-to-Ag" signal
enhancement strategy initiated by AgNPs has rarely been reported in fluorescent
immunoassays, we are inspired for further explorations.

Lately, the aggregation-induced emission (AIE) has shown good application
prospects owing to the significant advantages in bioanalyte sensing with photobleaching
resistance and fluorescent enhancement.??39 As we all know, the traditional fluorescent
dyes often exhibit the effect of aggregation-caused quenching (ACQ), which will
seriously compromise the sensitivity.’!-3?> Unlike the traditional fluorophores, AIE
macromolecules with flexible structures of low-frequency torsional motions have almost
no fluorescence in solution, but exhibit enhanced emission in aggregated pattern,
promoting a superior fluorescent turn-on detection platform.?3-3* Based on the AlEgen,
specific fluorogenic Ag*-induced aggregation strategy was proposed. And a novel
AlEgen TPE-4TA was designed and synthesized by Tang’s team for innovative
fluorescence bio-silver staining assay that could substitute for the traditional silver nitrate
staining. The novel silver attaining by AIE aggregation luminescence could overcome the
traditional method defects, enhance silver staining effect and achieve sensitive
polyacrylamide gels imaging and detection.’ Considering the advantage of AIEgens, the
specific fluorogenic Ag*™-TPE-4TA aggregation strategy was also used in our designed

detection system.
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Herein, we proposed a novel enzyme-free fluorescent biosensor with significant
cascade amplification based on effective AgNPs-to-Ag* etching sensitization and specific
fluorogenic Ag*-TPE-4TA aggregation. In this work, the proposed biosensor was
evaluated by the selected biomarker-prostate-specific antigen (PSA). The PSA specific
antibody were respectively immobilized on the surface of MBs and AgNPs for MB-Abl
and AgNPs-Ab2 probes preparation. The AgNPs-Ab2 probes can attache on the surface
of MBs by sandwich immune response via target PSA. The immune-complex was
collected by magnetic separation. Each AgNP would undergo effective etching by H,O,
and dissolved into thousands of Ag®, which endowed the designed biosensor with
desirable sensitivity. Meanwhile, the released Ag" could specifically turn on the
fluorogenic Ag™TPE-4TA aggregate as a specific switch based on Ag" and 4TA
precipitate reaction, striving to enhance the performance of specificity and selectivity
with low background signal. And the adoption of immunomagnetic beads with superior
performances, ensuring the efficient separation and facile operation of the assay. Overall,
this non-enzyme amplification biosensor achieved ideal convenience, cost-effective, high
sensitivity and excellent stability in protein biomarkers detection. It could overcome the
defects of enzymes and broaden the application of aggregation-induced luminescence,

providing a robust tool in clinical early disease diagnosis.

Methods
Materials

Carboxyl modified magnetic nanoparticles (MBs, 200 uM in diameter) were
purchased from BaseLine (Tianjin, China). Prostate-specific antigen (PSA) and capture
antibody Ab1 (anti-mouse polyclonal antibody, IgG1), labeled antibody Ab2 (anti-mouse
monoclonal antibody, IgG2a), anti-mouse secondary antibody, carcino-embryonic
antigen (CEA), carbohydrate 153 antigen (CA-153), and human chorionic gonadotropin
antigen (HCG) were supported by Bioscience (Tianjin, China). Human serum albumin
(HAS), ovalbumin (OVA) and bovine serum albumin (BSA) were acquired from Solarbio
(Beijing, China). Sodium borohydride (NaBH4) was provided by Aladdin (Shanghai,
China). Silver nitrate (AgNOs3) and trisodium citrate were obtained from Sigma-Aldrich.

Hydrogen peroxide (H,0,) was purchased from Aladdin (Shanghai, China). Hydrochloric
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acid (HCl) was supported by Nanjing Reagent (Nanjing, China). The fluorescence
intensity of Ag™-TPE-4TA was detected by microplate reader (Infinite M200pro, Techan,
Switzerland) at the excitation wavelength of 368 nm.

Preparation of 4 nm silver seeds and 20 nm AgNPs

The silver seeds (4 nm) and AgNPg (20 nm) were prepared by the reported
method.’¢ The silver seeds of 4 nm-diameter were synthesized firstly. Briefly, sodium
citrate (1% w/v, 10 mL) and ddH,0 (37.5 mL) were mixed in the three-necked flask and
heated to 70°C. After that, 0.85 mL of AgNO; (1% w/v) and 1 mL of NaBH4 (0.1% w/v)
were added immediately with stirring at 70°C for 1 h. Thereafter, the solution of 4 nm
silver seeds was stored at 4°C in dark for further synthesis of 20 nm AgNPs.

For the synthesis of 20 nm AgNPs, the sodium citrate (1% w/v, 1 mL) and ddH,0O
(37.5 mL) were heated boiling for 15 minutes firstly. Next, 5 mL of above 4 nm-diameter
silver seeds solution was added in the mixture, then add 0.85 mL of AgNO; (1% w/v)
solution. Continuous stirring for 60 min. The AgNPs solution (20 nm) was stored at 4°C
in dark for subsequent assays after centrifuged and redistributed in ddH,O. The size of
silver seeds and AgNPs was both observed. The absorbance of particles was recorded by
the Nanodrop.

Preparation of MBs-Ab1 probes

At first, the carboxylated MBs (5 mg/mL, 100 pL) were washed twice with 500pL
MEST (10 Mm MES, PH 6.0, 0.05% Tween-20). Then, EDC (5 mg/mL, 200 pL) and
NHS (5 mg/mL, 200 uL) were added for carboxyl activation with 30 min, remove the
MEST supernatant by magnetic separation and resuspended in PBS. 10 pL of capture
antibody (Abl, 5.1 mg/mL) was added and incubated for 3 h. Then MBs-Abl probes
were blocked by BSA (10 mg/mL). Finally, washed with PBST (0.05% Tween-20,
PH=7.4) by magnetic separation, and then resuspended in PBST (PH 7.4, 0.02% NaNj,
0.5% BSA). The prepared MBs-Ab2 probes were stored at 4°C for the following assays.
Preparation of AgNPs-Ab2 probes

First, K,CO;5 (0.2 M, 20 puL) was added into 1 mL of AgNPs (20 nm), for adjusting
the pH to approximately 8.0. Then, mixed with labeled detection antibody (Ab2, 1
mg/mL, 10 pL) for 2 h. After that, the BSA solution (10 mg/mL, 100 uL) was added for

another incubation of 1 h. Then, the mixture was washed three times by 1% BSA. Finally,
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the AgNPs-Abl probes stored at 4°C in dark with 500 pL PBST (1% BSA, 0.05%
Tween-20) for further experiments.
Fabrication of immunochromatographic test strip

The test strip includes four parts: three pads and one reaction member (test line (T
line), control line (C line)). Firstly, the anti-mouse secondary antibody (1.5 mg/mL) was
fixed to the film for C line. The Abl (1.5 mg/mL) was dispensed on T line for PSA signal
readout. As for the control and test group of the immunoassay, 4 pL of tenfold
concentrated AgNPs-Ab2 probes was mixed and incubated with 36 uL of PBS and 36 pL
of target PSA (1 pg/mL) for 20 min, respectively. Then, the mixture (40 uL) was taken
for testing. The signal can be read out within 5 min.
Fluorogenic Ag*-Tetrazolate (Ag*-TPE-4TA) aggregation

The TPE-4TA was dissolved in water solution with a final concentration of 5 uM,
and adjust the PH to 8.0 for increasing the solubility with weakly invisible fluorescence.
Then, a range of different concentrations of silver ions (1 uL) was added, and recorded
immediately by the UV-vis and fluorescence spectrophotometer. Further, 50 uL of 20
uM of different ion solution (Ag", Na*, K*, Mg?*, Ca?*, Fe*") was reacted with 150 pL of
TPE-4TA solution, and the fluorogenic Ag*-TPE-4TA was studied for ion specificity. In
addition, different concentrations of TPE-4TA (in the range of 5 to 40 uM) were studied
by aggregated with Ag" solution.
AgNPs Etching by H,0,

To test the process and efficiency of etching, 50 pL AgNPs was incubated with 10

L H,0O, (30%) compared with 10 uL ddH,O at 37°C for 20 min, and the absorbance was
detected by UV-vis. Then, 150 uL TPE-4TA was added for testing the etching efficiency
and fluorogenic aggregation by fluorescence analysis. What’s more, the etching process
and fluorogenic aggregation were also studied by treatment with a series of H,O,: 0%,
5%, 10%, 15%, 20%, 25%, and 30% of 10 puL.
Non-enzyme cascaded amplification assay of PSA

At first, the admixture of MBs-Abl probes (10 ug) and target PSA (50 puL) was
shaken at 37°C for 1 h. Next, 50 uL of AgNPs-Ab2 probe was added for continue
incubation at 37°C for 1 h. Subsequent the effective magnetic separation with washing

buffer (PBS, 0.05% Tween-20). After that, 50 uL of ddH,O and 10 pL of H,O, (10%)

ACS Paragon Plus Environment

Page 6 of 22



Page 7 of 22

oNOYTULT D WN =

ACS Sensors

was added, followed by etching for 30 min at 37°C. Finally, 150 pL of TPE-4TA (5 uM,
PH 8.0) was added. The fluorogenic Ag*-TPE-4TA intensity was recorded by a
microplate reader.
Optimization test

To get the optimal detection conditions, the etching efficiency and probes dosage
were optimized. 10% H,0O, was used for the etching of AgNPs-Ab2 probes according to
the above results. We first studied the etching time. 50 pL of AgNPs-Ab2 probes was
incubated with 10 pL of H,O, at 37°C for 0, 5, 10, 20, 30 min, respectively. Then the
etching temperature was also optimized. 50 uL of AgNPs-Ab2 probes was dissolved by
H,0, for 30 min at different temperature (4°C, 25°C, 37°C, 45°C), respectively. The value
of UV-vis absorption was recorded for etching efficiency evaluation. Next, we optimized
the amounts of Ab2 for AgNPs-Ab2 probes preparation. The final detection signals were
recorded respectively after the treatment with AgNPs-Ab2 probes with amounts of Ab2:
25,5, 10, 15, 20 pL of 5.1 mg/mL. Further, the amounts of MBs-Abl probes were also
optimized. The PSA was detected by 2, 4, 6, 8, 10 pg of prepared MBs-Ab1 probes.
Specificity evaluation

The specificity evaluation of the detection biosensor was performed with specific
target PSA and other non-specific antigens and proteins (HCG, CEA, CA-153, BSA,
OVA, HSA). According to the above reaction steps of Ag"™-TPE-4TA-based
immunoassay for PSA detection, 50 puL of specific target PSA and non-specific proteins
was applied to the immunological assay. After the Ag"™-TPE-4TA aggregation-induced
luminescence, the fluorescence intensity was recorded by a microplate reader.
Clinical serum samples detection

The adaptability of the biosensor for clinical serum samples testing was performed
by standard addition method. In brief, PSA standard was diluted by serum to prepare
samples with various concentrations, and the fluorescence value was detected by the
designed biosensor. The linear equation was obtained by plotting the AF versus PSA
concentrations. Then to test the universality, different healthy serum was used to prepare
PSA samples with same final concentration (100 pg/mL). Finally, according to the
standard curve, the detected values detected by the biosensor were compared with the

theoretically added values. Then, a range of PSA concentrations (50, 120, 200, 250, 300
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pg/mL) were diluted by the same serum. The corresponding content and recovery were

also detected.

Results and discussion
Mechanism of the non-enzyme amplification biosensor

In this work, a novel non-enzyme amplification biosensor was carried out. The
working principle was shown in scheme 1. The specific antibody Abl and Ab2 were
respectively immobilized on the surfaces of MBs and AgNPs for MB-Abl and
AgNPs-Ab2 probes preparation. Through the robust chemical decomposition of AgNPs,
the subsequent aggregation-induced emission was integrated into the detection biosensor.
By using the high-performance magnetic beads, the efficient separation would help to
improve the facile operation. As shown in the following, in the presence of specific
antigen, the AgNPs-Ab2 could be captured through sandwich-type immunoreaction and
enriched on the surface of MB-Abl, and the uncaptured ones would be washed away by
the “one-step” efficient magnetic separation. As the efficacious etchant for Ag*, the
oxidant H,O, could dissolve the AgNPs of MB-Abl-antigen-AgNPs-Ab2 sandwich-type
complex, resulting in numerous Ag* for specific fluorogenic Ag*™-TPE-4TA aggregation
with low background and significant signal enhancement. Overall, though this
AgNPs-to-Ag™ and metal-linked amplification, this non-enzyme cascaded amplification
biosensor was constructed for protein biomarkers quantitative detection with high

sensitivity and specificity.
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Scheme 1. Schematic illustration of the non-enzyme amplification biosensor based on effective
AgNPs-to-Ag™ etching sensitization and fluorogenic Ag*-tetrazolate aggregation for protein

biomarkers detection.

Morphological characterization of nanoparticles
The AgNPs (4 nm) were synthesized as starter seeds by NaBH, reduction principle.
The morphological characterization was verified by surface plasmon resonance (SPR)
firstly. As known from Figure 1b, the starter seeds solution presented a brighter brownish
yellow with 391 nm absorption peak, which was similar to the SPR spectra of silver
nanoparticles as reported. Then, the one-step starter seeded growth of AgNPs (20 nm)
were obtained (Figure 1a). The optical UV-vis spectra of nanoparticles were determined
by SPR, depending on the size and shape of synthesized AgNPs. Contrasted with figure
la, the solution of 20 nm AgNPs exhibited a deeper brownish yellow, and the sharp SPR
extinction also had a slight red shift to 400 nm (Figure 1c). Furthermore, evaluated by the
TEM and dynamic light scattering, the resulting 20 nm AgNPs with uniform size and
well dispersed (Figure 1d, 1e).
Then, the Ab2 was coupled to AgNPs for the preparation of detection AgNPs-Ab2
probes. Figure S2a exhibits the UV-vis of Ab2 protein, pure AgNPs and Ab2 modified

AgNPs. Consistent with the protein-specific absorption value, Ab2 showed maximum
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absorbance at the wavelength of 280 nm. As individual nanoparticles, the obtained
AgNPs exhibited the characteristic strong plasmon absorption peak at 400 nm. It is clear
that the absorption peak of forming AgNPs-Ab2 had a modest redshift from 393 nm to
400 nm compared with pure AgNPs. This redshift of forming AgNPs-Ab2 probes was
attributed to the modification of Ab2 that caused the dielectric property changes of
AgNPs.

To validate the biological activity of Ab2 modified on AgNPs, we took the
immunochromatographic test strip for determination. Like the characteristics of gold
nanoparticles, the aggregation of AgNPs on the T or C line also leads to the appearance
of obvious signal bands. As shown in Figure S2b, based on the Ab2-second antibody
immune response, there is only an obvious band of C line appeared when just adding the
AgNPs-Ab2 probes without target PSA. However, after the incubation with target PSA,
the AgNPs-Ab2-PSA mixture could be captured by the Abl sprayed at the T line. So, the
obvious bands of T and C lines were both observed. The results confirmed that the
formed AgNPs-Ab2 probe still maintained good biological activity and could be used in

subsequent immunoassays.
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Figure 1. (a) Synthesis of 20 nm silver nanoparticles by one-step growth of starter seeds (4 nm). (b)
UV-vis characterization of the silver seeds (4 nm). Inside: the corresponding digital picture. (c)
UV-vis characterization of the AgNPs (20 nm). Inside: the corresponding digital picture. (d, e)
Dynamic light scattering (DLS) of the 4 nm silver seeds and 20 nm AgNPs. Inside: TEM image

characterization.

Aggregation induced luminescence based on fluorogenic Ag*-Tetrazolate

Inspired by the novel aggregation-induced Iluminescence, the fluorogenic
visualization was triggered by the specific Ag* inducer and designed AIE dyes. In this
work, as the infinite metal-coordination polymers for Ag*, the new type of water-soluble
AIE material TPE-4TA was designed and synthesized by our team as reported before,
and the NMR characterization was shown in Figure S1. It was designed with Ag*-specific

targeting 1/2H-tetrazole compounds (4TA) and aggregation-induced fluorescence TPE
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core. The designed 4TA compounds can specifically capture and precipitate out Ag* to
induce aggregation, which limited the rotation of TPE core and endowed the
Ag'-tetrazolate aggregation-induced luminescence. Contrary to the traditional fluorescent
dyes, the TPE-4TA has weak fluorescence in dissolved solution, but it emits strongly at
504 nm in Ag*-Tetrazolate aggregated complex. In Figure 2a, the TPE-4TA emits faintly
in deionized water when not aggregated, and it has no-fluorescence due to the flexible
TPE core structure. As expected, Ag" could specifically turn on the fluorescence of
TEP-4TA aggregated complex instantly. Indeed, the fluorescence emission at 504 nm
was enhanced gradually by the stepwise addition of Ag* because of the restricted free
rotation. By evaluating the fluorescence intensity of TEP-4TA (5 uM) with different
amounts of Ag", a good linear regression (R?>=0.99227) from 0 to 100 nM was established
(Figure S3). And the calculated detection limit of Ag™ was 0.43 nM, which is more
sensitive than the optimum fluorometric assay. In addition, the interference of other metal
ions on the fluorogenic sensing was also explored. In the previous silver staining assay,
the effect of silver ions and interference of a number of cations on TPE-4TA AIE were

studied in phosphate buffer. The results showed that there is no fluorogenic response was

detected with other ions at the PH>8. As shown in Figure 2c, at PH>8, the metal ions

could not turn on the fluorescence except Ag*, proving the highly specific of the
fluorogenic sensing, which was consistent with the previous reports. To get the lowest
background signal of the fluorogenic sensing, the concentration of TPE-4TA was also
investigated (Figure 2d). Excess Ag® was mixed with different amounts of TPE-4TA
individually. With a further increase of TPE-4TA, the fluorogenic sensing exhibited an
equivalent fluorescence intensity with the little discrepancy, while coupled with a gradual
enhancement of TPE-4TA autofluorescence because of the solubility. So, considering the
background signal, the low concentration of TPE-4TA (5 uM) was performed for the

fluorogenic Ag" detection in the subsequent assays.
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Figure 2. Ag'-Tetrazolate aggregation-induced fluorogenic process. (a) Fluorescence spectrum of
TPE-4TA based on fluorogenic aggregation by different concentrations of Ag* inducer. (b) Plotting of
fluorescence intensity at 504 nm with Ag" inducer. Inside: corresponding fluorescent images recorded
by the Nanodrop. (c) Characterization of the Ag*-tetrazolate aggregation specificity. The fluorescence
emission at 504 nm was evaluated by the reaction of TPE-4TA with various metal ions: Ag", Na*, k™,
Mg?*, Ca?', Fe3" in deionized water. (d) Background signal evaluation of fluorogenic sensing.
Comparison of the fluorescent Ag*-tetrazolate aggregate by mixed with various concentrations of

TPE-4TA and Ag".

Effective AgNPs-to-Ag™ etching sensitization

As the powerful oxidizing agent and effective etchant, H,O, was introduced for

AgNPs etching. According to the reports, each 20 nm AgNP contains approximately 2 x

10° Ag atoms, which can be easily released in individual Ag" status by H,O, etching. The
etching process was inspected by the UV-vis spectrum. In Figure 3a, the pure AgNPs
exhibited a sharp SPR peak at 400 nm, but it dropped sharply and disappeared instantly in
the addition of excess H,O,. It can be seen that AgNPs can be effectively dissolved into
Ag atoms and completely released in the form of Ag™. What’s more, a range of different

H,0,; concentrations (0%, 5%, 10%, 15%, 20%, 25%, 30%) were used for evaluation and
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optimization of AgNPs etching efficiency. Figure 3c showed that the corresponding
absorption peaks of AgNPs were gradually decreased from 0.377 to 0.174, 0.081, 0.057,
0.06, 0.039, and 0.038 with the increasing concentration of H,O,. By calculation, the
etching efficiency basically reached a plateau when the concentration of H,O, was 10%.
As a result, we choose 10% H,0, for AgNPs etching.

Further, in order to demonstrate the feasibility of non-enzyme signal amplification,
we verified that the Ag™-TPE-4TA aggregation-induced luminescence can be achieved by
thousands to millions Ag* caused by the disintegration of AgNPs. As illustrated in Figure
3b, the AgNPs and TPE-4TA mixture solution has no fluorescence under UV irradiation
coupled with a negligible emission peak. It means that the pure AgNPs have no effect on
the aggregation of TPE-4TA and the opening of fluorescence. After the addition of
excess H,O,, the bright green fluorescence of Ag™-TPE-4TA aggregation was opening
immediately. The conspicuous peak was located at 504 nm, which is in agreement with
the anterior resulting of Ag™ and PTE-4TA reaction. It is no doubt that the rupture

sensitization of AgNPs would contribute to higher sensitivity.
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Figure 3. The non-enzyme signal amplification based on AgNPs etching by H,0,. (a) UV-vis
spectrum of AgNPs before and after etching by H,O,. (b) The verification of fluorescent signal
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amplification owing to the Ag* release initiated the aggregation-induced luminescence. (c, d) AgNPs
etching efficiency evaluation and optimization: AgNPg were dissolved with different concentrations

(0%, 5%, 10%, 15%, 20%, 25%, 30%) of H,O,.

Optimization test

The condition of AgNPs-Ab2 probes etching by H,O, was optimized to obtain the
great AgNPs-to-Ag" signal amplification. There is no doubt that the instantaneous
dissolution of pure AgNPs and countless release of Ag" enabled an effective
magnification.
But considering the wrapping and covering of Ab2 on the surface of AgNPs, the etching
time and temperature of AgNPs-Ab2 probes need further exploration to achieve the great
signal amplification in biomarker detection. As indicated by Figure 4a, due to the
prolonged etching time, the absorbance of AgNPs-Ab2 probes decreased gradually at
400nm. According to the calculated etching efficiency, 30 min was founded to be the
optical etching time with 10% H,O, (Figure 4a). We then verified the temperature on
AgNPs-Ab2 probes etching (Figure S4b). It can be seen that there is a lower etching
efficiency when incubated at 4°C or 25°C. But we can get an ideal etching effect at 37°C
that almost identical to the case of 45°C (Figure 4b). Herein, we adopt 10% H,0,, 30 min
and 37°C as the optimal etching factors for the biomarker detection.

In addition, the dosage of probes was also optimized for immune assays. We first
studied the amounts of MBs-Abl probes. As illustrated in Figure 4c, the change value of
fluorescence relative to the control (AF) was increased in the range of 0 to 6 pg
MBs-Abl probes. And attributed to the thoroughly capture of target antigen by Abl, we
can get the maximum AF when added 6 pg of MBs-Abl probes. The excess antibody
may affect the formation of immune complexes or increase background signal, so more
MBs-Abl probes caused the decrease of AF. Overall, 6 pg of MBs-Abl probes was
carried out as the optimal amount in biomarker detection. Meanwhile, the concentration
of Ab2 on AgNPs-Ab2 probes was also optimized (Figure 4d). On one hand, less
antibody will affect the stability of probes, One the other hand, more antibody will affect
the immune assay. When modified with 10 pg Ab2, the stable AgNPs-Ab2 probes can be
acquired with the ideal detection AF value. Thus, 10 pg of Ab2 was regarded as the best

factor in this assay.
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Figure 4. Optimization test. (a) The analysis of the most effective etching time for AgNPs-Ab2 probes.

(b) The analysis of the best etching time for AgNPs-Ab2 probes. The assays were performed by
etching 50 pL solution of AgNPs-Ab2 probes with 10 pL of H,O, (10%). (c) Optimization of the
optimal amount of MBs for target detection. (d) Optimization of the best Ab2 concentration for

AgNPs-Abl probes preparation of the target detection.

Sensitivity and specificity of PSA detection

Based on the AgNPs-to-Ag® and metal-linked Ag"™-TPE-4TA amplification, low
consistence of target antigen can bring clear fluorescence signal, contributing to a
significant enhancement for biomarker detection. As for the non-enzyme amplification
fluorogenic sensing, PSA biomarker was chosen as the detection target to evaluate the
sensitivity. As displayed in Figure 5a, a strong PSA-dependent AF value was observed,
suggesting that more Ag" released and fluorescent Ag*™-TPE-4TA generated due to the
increased target PSA. Moreover, it showed a quality linear relationship (R? = 0.98236)
between the AF value and PSA concentrations (10 to 250 pg/mL). The detection limit
(LOD) was 15.66 pg/mL. To further ensure the specificity and selectivity, identical to the

specific target PSA detection described above, we tested other non-specific proteins
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(HCG, CEA, CA-153, BSA, HAS, OVA) for the sandwich immunoassays. As can be
seen from Figure 5b, a strong AF value was only obtained for specific PSA biomarker,

showing the high specificity and selectivity.
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Figure 5. Sensitivity and selectivity evaluation of the proposed sensing. (a) The corresponding
fluorescence detection with versus different amounts of target PSA. Inside: calibration curve for PSA
detection by the designed biosensor. (b) The specificity and selectivity of the biosensor toward various
antigens and proteins: PSA, HCG, CEA, CA-153, BSA, HAS, and OVA. The concentration of each

protein was 1 ng/mL.

Clinical samples diagnosis

This non-enzyme amplification biosensor was also assessed in terms of accuracy and
practicability with standard addition method from spiked human serum samples as the
previous reports.3”-38 Firstly, different amounts of PSA standards were prepared by serum
samples. A positive linear response between target PSA (from 50 to 500 pg/mL) and AF
was acquired (R? = 0.9974, Figure 6a). Then, the same certain amount of PSA standard
was added into seven different healthy human serum samples with the final concentration
of 100 pg/mL, and a good agreement between spiked and detected concentrations was
obtained for the qualification of PSA (Figure 6b). Further, we also studied the theoretical
and observed amount of PSA from the same healthy spiked serum samples by diluting
PSA concentrations (from 50 to 300 pg/mL). As shown in Figure 6¢c, the observed and
theoretical value was still maintained a good consistent, and the specific percent recovery
was calculated from 82.3 % to 110.3 % (Figure 6d), indicating the applicability for

clinical samples detection.
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Figure 6. Serum samples diagnosis by the standard addition method. (a) Standard curve determination
of the PSA standard samples. (b) Detection of PSA standard with the same concentration in different
healthy serum. The PSA was picked into different healthy serum samples with the final concentration
of 100 pg/mL. (c) Analysis of PSA standard with serious concentrations. The PSA standard with
various concentrations (60, 120, 200, 250, 300 pg/mL) were spiked into the same serum sample. (d)
Specific percent recovery of target PSA detection with standard addition method.

Conclusions

In conclusion, a novel non-enzyme amplification strategy based on fluorogenic
Ag'-tetrazolate aggregation was demonstrated for biomarkers detection. The significant
cascade enhancement was achieved by the efficient AgNPs-to-Ag* dissolution
amplification strategy and robust Ag*-linked fluorogenic amplification strategy. Notably,
such a cascade signal amplification strategy with non-enzyme was rarely reported. The
cascade amplification technology was compatible with magnetic nanoparticles, making it
straightforward to construct a more sensitive and reliable methodology. Thus, this

detection method is capable of providing a promising platform in clinical diagnosis.
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