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Persistent and ultrastable chemiluminescence “super enriching” on
single microbead for sensing attomolar biomarkers
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We propose a novel single microbead “chemiluminescence (CL) super enriching and imaging” strategy that efficiently con-
centrates highly intense, long-lasting, and ultrastable CL shining on only a single microbead (SMB), allowing for the ultra-
sensitive quantification of various biomarkers at the attomolar level. Aided by a phenothiazine derivative enhancer, the
traditional flash-type CL of horseradish peroxidase (HRP)-H,O,-luminol can be efficiently converted into a significantly
enhanced (103-fold), persistent, and ultrastable CL emission (E-CL) that can be exactly confined and accurately imaged on the
microbead interface. Then, by employing only one minuscule-sized SMB as the sole reaction and signaling unit, the target as
well as the aroused E-CL signal concentrated on the SMB can further achieve ~10* “super-enriching” efficiency. Therefore, by
“super enriching” target-responsive E-CL signal on an SMB, the SMB E-CL imaging strategy provides a powerful tool for the
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attomolar-level detection of various biomarkers including proteins, microRNAs, and virus DNA.

single microbead analysis, long-lasting chemiluminescence, immunoassay, microRNA, super enriching

Citation:

Lei C, Fan W, Ren W, Duan X, Liu C. Persistent and ultrastable chemiluminescence “super enriching” on single microbead for sensing attomolar

biomarkers. Sci China Chem, 2025, 68, https://doi.org/10.1007/s11426-025-2736-7

1 Introduction

Accurate quantification of extremely low levels of key bio-
markers in body fluids, such as disease-associated nucleic
acids and proteins, is becoming increasingly important for
early disease screening and postoperative efficacy monitor-
ing [1-6]. Compared with traditional bulk measurement-
based homogeneous bioassays, microbead-based bioassays
have shown unique advantages because the beads can cap-
ture and separate the target molecules from complex biolo-
gical samples to effectively avoid interference [7-9].
Meanwhile, the minuscule-sized microbeads bearing the
target-enriched signaling molecules can be interrogated as
individual signal-readout units with improved sensitivity,
through flow cytometry or imaging-based microbead
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counting [10-14]. Nevertheless, such microbead-based
bioassays mainly rely on fluorescence signal reading or
counting, in which the scattering background of the excita-
tion light, self-quenching, and particularly, potential photo-
bleaching can hardly be avoided [15—-17]. Additionally, they
are generally conducted with a large number of beads in one
reaction, making the diluted signal arising from ultralow-
level target molecules on each bead barely detectable.
Superior to photoexcited fluorescence, chemilumines-
cence (CL) can get rid of photobleaching and scattering
background since no external excitation light is required,
intrinsically permitting a much higher signal-to-background
ratio and sensitivity [18-23]. However, most biocompatible
CL systems (such as the luminol-H,0, system) display flash-
type emissions that last for minutes or even seconds with a
fast signal decay, making it difficult to apply to imaging or
counting-based quantification since the unavoidable fluc-
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tuation at the initial/terminal stages will severely affect the
detection accuracy [24-26]. Despite several strategies have
been proposed to enhance the traditional luminol-H,O, CL
emission, such as chemical co-reactant optimization [27,28],
engineered nanomaterials [29-33], using of peroxidase-mi-
micking nanozymes [34] and catalytic ion regulation [35],
these advancements primarily focus on improving the total
CL intensity through accelerated reaction kinetics. Recently,
a long-lasting CL mechanism has been proposed by physi-
cally controlling reactant diffusion through a porous struc-
ture [25,36,37]. However, this method still faces challenges
in the standardization of porous CL material preparation,
precise control of pore structure, and signal stability. Alter-
natively, the enhancer-assisted, enzyme-based long-lasting
CL systems that rely on continuous enzyme catalytic action
provide a more suitable pathway for biomarker analysis
[38,39]. Nevertheless, due to challenges such as bio-
compatibility issues, insufficient signal stability, environ-
mental adaptability, and limitations of CL enhancers, how to
realize long-term stable and sustained CL emission remains a
critical issue, particularly for imaging/counting-based bio-
applications.

Moreover, unlike fluorescent labels that can be directly
anchored on the microbead to yield detectable signals, the
signal output of the CL system relies on multiple cascaded
chemical reactions. Though some microbead-based CL
strategies have been reported [34,40—43], these studies solely
employed numerous microbeads as carriers for CL reactants/
catalysts accompanied by bulk CL signal measurements.
Technically, it is challenging but of great significance to
precisely image the target-responsive CL signal confined on
the surface of microbeads with single-particle resolution.

In this work, we have developed a new generation of single
microbead (SMB) “super enriching” enhanced-CL (E-CL)
imaging system that enables highly intense, long-lasting, and
ultrastable CL signal confined around the interface of an
SMB, allowing for the ultrasensitive detection of a broad
range of biomarkers down to the attomolar level. Specifi-
cally, this innovative method features the following ad-
vantages: (1) Just following simple standard workflows of
immunoreaction or nucleic acid hybridization, the target as
well as the target-responsive HRP will be concentrated on
the surface of only one SMB, achieving approximately 10
“super-enriching” efficiency from a 2 pL solution. (2) With
the help of a phenothiazine derivative enhancer, the con-
ventional flash type CL of the HRP-H,O,-luminol system is
converted to remarkably enhanced, persistent emission that
can last for hours. More importantly, the target-introduced
HRP on the SMB’s surface can continuously catalyze the
interfacial E-CL reaction and maintain strong, persistent, and
ultrastable CL emission around the microbead, which allows
for much longer exposure time for signal acquisition and
handy operation for imaging, ensuring high accuracy for
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detecting ultralow concentrations of target molecules.
(3) The proposed method can be further integrated with other
signal amplification methods (e.g., tyramine signal amplifi-
cation (TSA)) to improve the sensitivity and broaden the
dynamic range. As a result, this work achieves attomolar
level sensitivity in detecting both protein and nucleic acid
biomarkers. To the best of our knowledge, this is the first
report to realize ultrastable interfacial CL imaging coupled
with the single microbead-based “super enriching” strategy,
which opens a new route to the ultrasensitive detection of
extremely low-abundance critical biomarkers.

2 Experimental

2.1 Materials and reagents

All nucleic acid oligonucleotides (Table S1, Supporting In-
formation online) were synthesized by Sangon Biotech
(Shanghai, China). Prostate cancer antigen (PSA), alpha-
fetoprotein (AFP), cardiac troponin I (cTnl), carcinoem-
bryonic antigen (CEA), Goat anti-Mouse IgG (IgG) and their
specific antibody pairs used in this study were obtained from
Linc-Bio Science (Shanghai, China). Streptavidin-modified
polyHRP (STV-polyHRP) was purchased from Thermo
Fisher Scientific (WA, USA). The N-hydroxysuccinimide
Mag Sepharose microbeads (NHS-MBs) were obtained from
GE Healthcare (Uppsala, Sweden). Biotin-HRP and HRP
were supplied by Sangon Biotech (Shanghai, China).
Luminol was purchased from Aladdin (Shanghai, China).
Hydrogen peroxide (H,0,, 30%) was purchased from Key-
GEN BioTECH (Jiangsu, China). TSA Biotin Reagent Pack
(containing biotin-tyramide and 1 x TSA buffer) was pur-
chased from Beijing Biodragon Immunotechnologies Co.,
Ltd. The E-CL solution used in this study, which contains a
phenothiazine derivative enhancer (C,sH,,0;NS,Na) to en-
hance CL performance, is self-developed and now com-
mercially available from Yingtaisheng Biotech (Xi’an,
China).

2.2 Preparation of capture antibody (or DNA probe)-
conjugated SMB (SMB-mAb1 or SMB-cDp)

Single microbeads of the appropriate size (80 = 5 um) are
manipulated using a Narishige micro-operating system in-
stalled on an Olympus IX 53 inverted microscope. 20 uni-
form NHS-MBs were selected and placed in a tube, followed
by adding 100 pL of 1 mM cold HCI to activate their NHS
surface. After purification, 0.1 ug mAbl (or 1 pmol
NH,-modified capture DNA probe) was added into the tube,
and incubated with the microbeads for 1h with gentle
shaking. After that, 100 mM Tris was used to effectively
block the excessive active sites on the surface of the mi-
crobeads. Afterward, 100 pL. 1 x PBST (0.05% Tween) was
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used to wash and purify the labeled microbeads. Finally,
uniformly modified single microbeads were transferred one
by one to each reaction tube containing 1 x PBST-BSA
(0.05% Tween, 1% BSA) before standard assays.

2.3 Standard protocols for the SMB-based immunoassay

For the amplification-free immunoassay, the SMB-mAbl
was reacted with a 2 uL. PBST-1% BSA (PBS with 0.05%
Tween-20 and 1% BSA) solution containing serially diluted
target antigen and biotinylated detective antibody (100 pg)
for 2 h at room temperature with violent shaking. Then the
reacted SMBs were washed three times using PBST-1% BSA
solution, with gentle mixing to ensure complete removal of
unbound reagents. After purification, the SMB was in-
cubated with a 2 pL solution containing STV-polyHRP
(500 pg) for 30 min at room temperature with vigorous
shaking to conduct the HRP enzyme labeling reaction.
Finally, the SMB was purified and resuspended in 2 pL
PBST-5% BSA for interfacial CL imaging.

In the TSA-mediated immunoassay, 0.1 x commercially
obtained TSA buffer (containing H,O,) was used for biotin-
tyramide dilution and TSA amplification. After the HRP
labeling reaction mentioned above, the single microbead was
incubated successively with 2 pL biotin-tyramide (500 pg)
solution and STV-polyHRP (500 pg) solution at room tem-
perature with vigorous vibration for 30 min, respectively.
Finally, the single microbeads were purified and resuspended
in 2 pL PBST-5% BSA for interfacial CL imaging mea-
surement.

For real sample analysis, the PSA levels in the serum
samples provided by two volunteers from our lab were in-
dependently tested by the SMB CL imaging strategy and a
routine medical diagnostic kit (results tested by the Hospital
of Shaanxi Normal University). This study was approved by
the Ethics Committee of Shaanxi Normal University, and
informed consent was obtained from the participants.

2.4 Standard protocols for nucleic acid detection

For nucleic acid detection, the SMB-cDp was reacted with
2 uL solution containing serially diluted target microRNA or
DNA and the biotinylated detective probe (1 nM) for 2 h at
room temperature with shaking. The subsequent steps were
identical to the protein detection procedures.

2.5 Single microbead interfacial CL imaging

After the immunoreaction or nucleic acid binding reaction
stated above, a single microbead labeled with target dose-
responsive poly-HRP was mixed with the E-CL solution
(100 mM Tris-HCI (pH 9.0) containing luminol, H,0, and
the enhancer), followed by placing it on a piece of the glass
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slide. Bright-field imaging was carried out for the SMB
positioning. Then all subsequent measurements of the single
microbead were performed in a dark box. An EMCCD
camera (Photometrics) controlled by the Micro-Manager 1.4
plugin in ImageJ was used to record the CL signals at the
single microbead location (referring to the bright field im-
age) for CL imaging (Bright field imaging parameters: Ex-
posure at 4 ms, Binning at 1, Gain at 1, and Gain EM at 1. CL
imaging parameters: Binning at 1, Gain at 3, and Gain EM at
150). Finally, analysis of the single microbead CL images
was performed using ImagelJ software.

For comparison, conventional CL signals generated in
homogeneous solutions were recorded using an RFL-T
ultraweak chemiluminescence/bioluminescence detector
(Xi’an Remax Analytical Instruments Co., LTD.).

3 Results and discussion

3.1 Characteristics of persistent and ultrastable E-CL
in solution and SMB interface

The catalytic mode of the typical luminol-H,0,-HRP CL
system can be graphically described as a “molecular factory”
(left panel of Figure 1a). H,O, provides HRP energy, thus
driving HRP gear rotation and promoting the conversion of
luminol from the ground state to its excited state, and finally
generating CL signal (Egs. (1) to (6) in Figure S1, Sup-
porting Information online). Due to the intrinsic low catalytic
efficiency of HRP on luminol and irreversible consumption
of HRP activity, weak flash-type CL signals are generated,
which is unfavorable for improving the accuracy and sensi-
tivity of bioassays or achieving high-quality imaging ana-
lysis. Fortunately, the incorporation of a phenothiazine
derivative enhancer, which exhibits excellent redox reversi-
bility and free radical stabilization capacity due to its
sulphury atom and conjugated aromatic structure, can sig-
nificantly amplify the HRP turnover rate and the equivalent
concentration of the pivotal luminol anion radical, the origin
of CL [44,45]. This process is crucial because the enhancer
acts as a superior substrate for HRP, facilitating the genera-
tion of a high-energy intermediate. This intermediate can
swiftly transfer energy to luminol, akin to a gear mechanism
where the intervention of the “enhancer gear” (the right panel
of Figure 1a) dramatically accelerates the HRP’s conveyance
of luminol to its excited state, resulting in long-lasting and
greatly enhanced CL (E-CL, see detailed Egs. (7)—(9) in
Figure S1). We have experimentally evaluated the properties
of the E-CL system in the homogeneous solution. As shown
in the schematic diagram of Figure 1b and Figure S2, com-
pared with the conventional luminol-H,O,-HRP system, the
enhancer-assisted E-CL system can provide a much more
intense, prolonged, and stable light output in the homo-
geneous system. Even with 3 orders of magnitude lower
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Figure 1 (Color online) Schematic illustration of the new E-CL system. (a) Schematic diagram of the luminol-H,0, CL system catalyzed by HRP alone
(blue background) and HRP-enhancer (purple background), respectively. (b) Schematic diagram of the CL intensity over time catalyzed by HRP in the
presence and absence of enhancers. The “flash-type CL” curve illustrates a scenario with abundant HRP but no enhancer, represented by a transient emission.
In contrast, the “stable and long-lasting CL” curve, achieved with a much lower HRP content and the addition of an enhancer, exhibits a stronger, more
durable and consistent emission. (¢) Schematic diagram of the enhancer-assisted CL reaction (E-CL) on a single microbead’s interface (Enhancer*: enhancer
radical. Luminol*: Luminol radical). (d) The bright field image (I) and CL images of a single microbead without (II, 5 min incubation time) biotin-HRP
immobilized on the surface. The CL images (III-VIII) were acquired from the same SMB with 100 pg biotin-HRP immobilized on the surface at different

time points during the E-CL reaction process.

HRP content, much higher signal intensity can still be
achieved, and the enhancement in integrated intensity will
certainly be more significant, resulting in far more than 10°-
fold signal enhancement.

Since HRP is the catalytic driver of the CL emission, next,
we challenged to “super-confine” the E-CL around the SMB
surface by rationally enriching HRP on the microbead, while
other E-CL reagents remained in the aqueous solution phase,
as illustrated in Figure lc. The redox reversibility of the
phenothiazine derivative enhancer facilitates the catalytic
cyclic regeneration of HRP at the microbead interface,
thereby enabling a self-sustaining mechanism for the CL
reaction. The results of Figure 1d and Figure S3 demonstrate
that after adding the E-CL reagents, HRP enzymes im-
mobilized on the surface of the SMB will continuously cat-
alyze the cascade E-CL reaction to generate persistent CL at
the microbead-liquid interface. Notably, the SMB interfacial
CL signal remained remarkably consistent for up to half an
hour without obvious decay. This is a significant advance-
ment over traditional flash-type CL systems that are often
limited by the quite short luminescence duration. The sus-
tained and stable E-CL signal is extremely suitable for SMB

CL imaging toward ultrasensitive biosensing because the CL
data collection will not be affected by fluctuations in pho-
tography and operation times, and the stability of the signal
allows for prolonged integration with easy operation, en-
suring enhanced sensitivity and high accuracy. Figure 1c il-
lustrates the mechanism of the SMB interfacial long-lasting
CL. While HRP, the central catalytic driver of the CL reac-
tion, is enriched on the SMB surface, the other excessive E-
CL reagents in the aqueous phase will continuously diffuse
to the SMB interface to supply “fuel” for the HRP. This
ensures a consistent, stable, and intense CL signal, the in-
tensity of which is directly correlated with the amount of
HRP loaded on the SMB surface. To the best of our
knowledge, this is the first time that stable CL imaging at the
catalytic interface of an SMB has been achieved, which may
open a new way for fabricating ultrasensitive bioassays by
“super CL enriching” on an SMB.

3.2 The SMB E-CL imaging-based amplification-free
immunoassay

To demonstrate the advantages and potential of SMB-based
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“super CL enriching” in ultrasensitive biosensing, we first
assessed its performance in immunoassay. As schematically
displayed in Figure 2a, first, capture antibody-conjugated
SMB can effectively capture the target antigen and further
bind with biotinylated detective antibody to form a sandwich
immune complex. Subsequently, streptavidin-modified
polyHRP (STV-polyHRP) molecules will be captured by the
biotinylated detective antibody, introducing HRP to the
SMB’s surface. Finally, after adding the E-CL solution, the
anchored STV-polyHRP molecules catalyze the surrounding
CL substrate to produce a “super-enriched and confined” CL
signal on the liquid-microbead interface. Since the
STV-polyHRP molecules anchored on the surface of the
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single microbeads are in positive correlation to the dosage of
the target antigen, by monitoring the CL intensity via SMB
imaging, the quantitative detection of the target antigen can
be achieved.

As a proof-of-concept demonstration, prostate cancer an-
tigen (PSA) is chosen as the model target. Under the opti-
mized conditions (Figure S4), the CL images (Figure 2b)
show that the brightness around the SMB gets enhanced
gradually with the increase of PSA concentration, and the CL
signal of the SMB treated with as low as 100 fg mL™' PSA
can be clearly distinguished from the blank control. Fur-
thermore, the CL signal of the SMB exhibits a good linear
correlation with the PSA concentration in the range of

Single microbead E-CL imaging-based amplification-free immunoassay

¢ ) Capture antibody Target N Biotin-detective N
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Results for PSA analysis (c)
1.0x10°
20 Hm
. 8.0x10"4
s
K]
2 6.0x10'4
Blank 0.1 pg/mL 0.5 pg/mL 2
[ ) §
£ a0x10'
-
(8]
<]
2.0x10" 4
0.0 T T T T
20 pg/mL 0 5 10 15 20

(e)

PSA concentration (pg/mL)

Single microbead FL imaging for PSA analysis

0.2 ng/mL 0.5 ng/mL

\
}
/

10 ng/mL

Figure 2 (Color online) (a) Schematic illustration of the proposed single microbead E-CL imaging strategy for amplification-free immunoassay. (b) E-CL
imaging results for PSA analysis. (¢c) The relationship between the ACL intensity of the single microbeads and the PSA concentration. ACL is the
target antigen-produced interfacial CL intensity subtracted by the signal of the blank control. Error bars represent the standard deviation of three
independent experiments. (d) Specificity evaluation of the single microbead E-CL imaging system for PSA analysis. E-CL images of the system were

acquired in the presence of 10 pg mL
detection.

of different proteins with the PSA-specific antibodies. (¢) Single microbead fluorescence (FL) imaging for PSA
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100 fg mL ™" to 20 pg mL ™" (Figure 2c). The linear regression
equation is ACL = 4.29 x 10°Cpg, + 3.82 x 10° (R* 0f 0.994),
and the limit of detection (LOD) is calculated to be
25 fg mL™ (30). The same standard protocol also shows
excellent performance in alpha-fetoprotein (AFP) detection
(Figure SS5). This proves that by employing the corre-
sponding target-specific antibody pairs, the SMB E-CL
imaging strategy can detect different types of antigens just
through a simple standard sandwich-type immunoreaction.
Furthermore, the specificity of the proposed strategy is in-
vestigated by challenging the PSA-specific system with
other potential interfering proteins. As shown in Figure 2d
and Figure S6, only PSA can trigger a significant CL signal
around the SMB, while the responses of other proteins are
negligible (similar to the blank control), which clearly in-
dicates the high specificity of the proposed strategy.

The practical application potential of the proposed strategy
in real sample analysis is interrogated by detecting the PSA
levels in serum samples from two healthy volunteers. The
PSA concentrations of the two serum samples are provided
by the Hospital of Shaanxi Normal University through a
routine medical diagnostic kit, which is determined to be
0.62 ngmL " (volunteer 1), and 1.10 ng mL™" (volunteer 2)
respectively. At the same time, by using our SMB CL ima-
ging strategy, the PSA concentrations of the 2 serum samples
are determined to be 0.63 + 0.08 ng mL™ (volunteer 1), and
0.95 + 0.02 ng mL™ (volunteer 2), respectively. The results
support the reliability of the proposed strategy in the analysis
of complex biofluid samples.

3.3 Comparison of SMB E-CL imaging strategy with
fluorescence signal readout and multi-microbead sensing
system

To further demonstrate the advantages of the proposed SMB
CL imaging biosensing strategy, we performed single mi-
crobead fluorescence (FL) imaging toward PSA assay for
comparison. We conducted the PSA immunoassay by using
STV-functionalized CdSe@ZnS quantum dots with strong
emission centered at 605 nm as signal reporters. As shown in
Figure 2e, the FL signal on an SMB induced by
0.2-0.5 ng mL™" PSA can be just discriminated from the
blank control. According to these results, the SMB CL
imaging possesses more than 10° times higher sensitivity
compared with FL detection. What’s more, to better illustrate
the powerful “super CL enriching” effect by use of an SMB,
we also performed multi-microbeads comparison experi-
ments where about 100 microbeads are involved for each
reaction. As shown in Figure S7, when the concentration of
PSA is lower than 50 pg mL ', the CL brightness of the
multiple microbeads treated with PSA is hardly dis-
tinguished from the blank control, indicating a significantly
reduced sensitivity compared to the SMB-based method
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[46,47]. This limitation can be attributed to the distribution
of signaling molecules and cumulative background noise
across multiple microbeads, which renders ultralow levels of
target molecules on each bead barely detectable. Considering
the above experimental results, we can attribute the excellent
analytical performance of the proposed strategy to the super-
enriching capability of the SMB and the powerful, long-
lasting, stable, and intense E-CL system.

3.4 TSA-mediated SMB E-CL imaging-based im-
munoassay

The TSA-mediated amplification technique is introduced to
further improve the sensing performance of the SMB CL
imaging immunoassay [48,49]. In the presence of H,O.,,
polyHRP will rapidly catalyze the in-situ deposition of tyr-
amine on the protein residues adjacent to the polyHRP cat-
alytic site [47,50]. As shown in Figure 3a, polyHRP-
activated tyramine-biotin deposition will introduce more
target-mediated polyHRP binding events to the surface of an
SMB, significantly enlarging the contrast between the target-
containing samples and the background, allowing for the
detection of extremely low levels of target protein. Accord-
ing to the E-CL imaging results shown in Figure 3b, the CL
signal aroused by as low as 2 fg mL™' PSA, which is
equivalent to ~70 PSA molecules in a 2 pLL system, can be

(a) The TSA-mediated immunoassay

Biotin-tyramide

(b)

—
20 um

Bright-field

s

£
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€«
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Figure 3 (Color online) (a) Schematic illustration of the proposed SMB
E-CL imaging strategy integrated with TSA-mediated amplification for
immunoassay. (b) CL images of the single microbeads treated with series
concentrations of PSA under the assistance of TSA-mediated amplification.
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clearly distinguished from the blank control. As shown in
Figure S8, a good linear relationship between the interfacial
ACL intensity of the SMB and PSA concentration is obtained
in the range of 2—100 fg mL". The LOD of PSA antigens
based on TSA-mediated amplification was defined as ~0.7
fgmL ™' (~21 aM). TSA contributes to ~50-fold higher sen-
sitivity, making this method one of the most sensitive im-
munoassays based on optical signal readout (Table S2).
Particularly, it is recognized that the digital immunoassays,
represented by the elegant Simoa platform and other single-
molecule imaging techniques, are the most sensitive ways for
protein analysis even at the single-molecule level. The LODs
of PSA (or other proteins) by Simoa or other digital ELISA
methods typically fall within the range of 50 aM—10 fM
[16,50-54]. Thus, the sensitivity of the SMB CL imaging
strategy is superior to or at least comparable to those ob-
tained by the most powerful digital ELISA techniques or
other most sensitive optical methods.
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3.5 The SMB E-CL imaging-based analysis of nucleic
acid

In addition to ultrasensitive protein analysis, we further at-
tempt to apply the SMB CL imaging strategy to microRNA
analysis by selecting let-7a as a model target through a
simple sandwich-type hybridization reaction (top panel of
Figure 4a). As Figure 4a and Figure S9 display, the in-
creasing let-7a concentration leads to gradually increased
brightness of the SMB, and as low as 10 fM let-7a can be
easily distinguished from the blank control. Notably, the
TSA-assisted strategy is also feasible for let-7a analysis.
According to the SMB E-CL imaging results shown in
Figure 4b, the CL signal aroused by as low as 200 aM let-7a,
which is equivalent to ~240 let-7a molecules in a 2 pL sys-
tem, can be clearly distinguished from the blank control.
Therefore, the integration with TSA endows the SMB CL
imaging approach with attomolar level sensitivity for
microRNA analysis. In addition, the above strategies for

(a) Single microbead E-CL imaging-based amplification-free analysis of microRNA

Biotin-detective

probe

(b) The TSA-mediated analysis of microRNA

Biotin-tyramide

20 pm
5 AiZ
~H6
Blank

q

Figure 4 (Color online) (a) Schematic illustration (top panel) and the E-CL imaging results of the amplification-free let-7a microRNA assay based on the
SMB CL imaging strategy via simple sandwich-type hybridization. (b) Schematic illustration (left panel) of the proposed SMB CL imaging strategy
integrated with TSA-mediated amplification for microRNA detection, and the CL images of the single microbeads (right panel) for let-7a sensing based on

TSA-mediated bioassay.
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microRNA analysis can also be applied to the ultrasensitive
analysis of a Hepatitis B Virus (HBV) DNA fragment
(Figure S10). These results indicate that the SMB interfacial
CL imaging strategy can be applied not only to immunoassay
but also to detecting nucleic acid targets at the attomolar
level, greatly broadening its application scope for the ultra-
sensitive detection of various critical biomarkers.

4 Conclusions

In summary, we have developed a new generation of single
microbead E-CL imaging strategy, achieving significant
advances in the ultrasensitive detection of protein, micro-
RNA, and DNA biomarkers. With the aid of the powerful
E-CL system and by “super-enriching” target-responsive
HRP on the SMB, we have obtained an ultrastable, persis-
tent, and high-intensity CL signal that is finely “super-
confined” on the single microbead surface. This unique
confinement not only capitalizes on the inherent advantages
of CL imaging, such as the absence of external light ex-
citation and high sensitivity but also enhances these benefits
through the “super-enriching” effect. Furthermore, with the
aid of TSA, our strategy has achieved an ultrahigh sensi-
tivity, enabling the attomolar-level detection of proteins,
microRNAs, and HBV DNA. In terms of practical clinical
applications, it is anticipated that SMB-based assays can be
further integrated with automated microfluidic systems. In
this configuration, the SMB will be pre-arranged in a multi-
channel chip, thereby facilitating high-throughput detection
and analysis. We believe that this single microbead E-CL
imaging strategy possesses substantial potential for both
fundamental research and clinical diagnostics.
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