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Detection of small molecules is of urgent demand for many applications, such as drug discovery, disease
diagnosis, food safety, and environmental monitoring. Developing simple, selective, and sensitive
methods to detect small molecules has attracted wide attention from researchers. In this work, we report
a DNAzyme amplifier-based immunoassay for sensitive detection of small molecules. This strategy com-
bines the benefits of the specific binding between antibodies and antigens with the superior signal
amplification capability of DNAzymes. Antigen-labeled 10-23 DNAzyme binds with immobilized anti-
bodies on a microplate, catalyzing the cleavage of numerous fluorescently labeled substrate molecules in
the presence of Mg?*, thus generating amplified fluorescence signals. In the presence of small molecule
targets, the targets compete with the antigen-labeled DNAzyme for binding with the immobilized anti-
bodies on the microplate, resulting in a decrease in the fluorescence signal. We successfully detected
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small molecules, digoxin and folic acid, at picomolar levels through the proposed immunoassay. The
immunoassay can specifically identify small molecules and enable their detection in complex sample
matrices. This strategy provides a simple and sensitive approach to selectively detect small molecules,
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1. Introduction

Small molecules (SMs) are compounds with a low molecular
weight, including drugs, toxins, hormones, environmental pol-
lutants, and so on. Detection of SMs is urgently required in
various fields such as disease diagnosis, food safety, and
environmental monitoring."™ Developing simple, sensitive,
and selective methods to quantify SMs is one of the popular
research areas.”® Given their high sensitivity, high selectivity,
and ease of operation, immunoassays are widely utilized for
SM detection. Immunoassays operate in two basic modes:
competitive and non-competitive immunoassays. Competitive
immunoassays are the most common and suitable methods
for SM detection because SMs usually have only one binding
site and cannot bind to two antibodies.” Generally, enzymes or
luminescent compounds serve as labels on antibodies or anti-
gens to produce signals, enabling the detection of SMs.
Enzyme labels, such as horseradish peroxidase (HRP), facili-
tate sensitive detection of SMs; however, they may suffer from
complicated preparation, high cost, and susceptibility to
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inspiring researchers to develop DNAzyme-based immunoassays with multiple functions.

activity reduction due to pH-, heat-, or chemical-induced dena-
turation.® Fluorophores and quantum dots (QDs) mitigate
these drawbacks but often produce weak signals, which dimin-
ish the sensitivity of these methods.>®° Although efforts have
been made to enhance the signal intensities, most proposed
strategies tend to be complex, uneconomical, and labor-
intensive."*™?

Immunoassays based on binding a single target to trigger
reactions with multiple turnovers can produce significant
signal amplification."* The amplification of signals allows the
detection of targets at undetectable concentrations using a
conventional immunoassay. Deoxyribozymes (DNAzymes) have
attracted broad interest due to their potential as biosensors for
various applications in clinical and environmental
settings."™"® These DNAzymes are a class of DNA strands with
enzymatic properties that mediate multiple chemical reac-
tions."” Some can effectively catalyze the cleavage of their sub-
strates in the presence of cofactors, rapidly generating numer-
ous DNA fragments.'® Compared to conventional amplification
techniques, such as rolling circle amplification or CRISPR-
based systems, DNAzyme-based methods operate efficiently
under isothermal conditions without requiring a protein
enzyme."® This intrinsic property eliminates equipment depen-
dency and reaction complexity associated with thermocycling-
dependent processes. DNAzymes show advantages in terms of
high catalytic efficiency, high stability, ease of preparation,
and low synthesis cost. DNAzymes have the potential to be
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ideal labels with multi-turnover reactivity for developing
immunoassays with amplification signals.'®*° Sang et al
developed an immunomethod using DNAzymes to sensitively
detect small molecules (e.g., chloramphenicol, 17p-estradiol,
and aflatoxin M1).>° DNAzyme 8-17 and antibodies were con-
jugated to the surface of gold nanoparticles (AuNPs) to prepare
a detection probe. However, the preparation of AuNP probes
involves complex procedures that hinder immediate deploy-
ment. Additionally, steric effects from AuNPs impair antibody
binding to immobilized antigens and restrict DNAzyme acces-
sibility to substrates.>”

The 10-23 DNAzyme is the most efficient DNAzyme known
to date and has a broad range of target RNAs with its only
requirement for substrates being a purine-pyrimidine
dinucleotide.'®*"?* It exhibits tremendous activity against its
target RNA with a key of ~10 min™" under high Mg”** concen-
trations (10 mM or above).’®** The 10-23 DNAzyme has been
used in sensing applications of ions, small molecules, nucleic
acids and proteins due to its small catalytic cores, high cata-
lytic activity, and capability independent of the arm
sequence.'®?**?® For example, Xiong et al reported a
DNAzyme-mediated genetically encoded sensor for ratiometric
imaging of metal ions,>* and Cao et al. successfully used the
10-23 DNAzyme and its multicomponent nucleic acid enzymes
to detect nucleic acids and proteins.?®

Herein, we have reported a simple immunoassay based on
the 10-23 DNAzyme as a signal amplifier for sensitive detec-
tion of SMs. The proposed strategy features straightforward
preparation, avoids steric interference from solid-phase
matrices, and enables rapid and sensitive detection of small
molecules. It constructs an efficient signal transduction
pathway converting immunorecognition to nucleic acid cataly-
sis. In this immunoassay, the SM labeled 10-23 DNAzyme,
serving as a detection probe, binds to antibodies immobilized
on the wells of a microplate through the antibody-antigen
interaction, achieving efficient signal transduction and signal
amplification. The DNAzyme bound to the immobilized anti-
bodies catalyzes the cleavage of substrate molecules modified
with a quencher (BHQ1) at one end and a fluorophore (FAM)
at the other end, generating amplified fluorescence signals.
When the target SMs are added, they compete with the SM
labeled DNAzyme for binding with the immobilized anti-
bodies, causing a decrease in the amount of DNAzyme on the
antibodies and fluorescence signals, realizing the detection of
target SMs. Because one DNAzyme molecule can catalytically
cleave numerous substrate molecules, this DNAzyme ampli-
fier-based immunoassay exhibits significant signal amplifica-
tion compared with the immunoassay based on a SM labeled
DNA fluorescent probe. In this study, digoxin, a cardiac glyco-
side drug with a narrow treatment window,*” and folic acid,
which plays a key role in nucleotide synthesis and methylation
reactions,”® were employed as model SM targets to demon-
strate proof-of-principle and generality verification for the
concept of the proposed strategy. The DNAzyme amplifier-
based immunoassay enabled the detection of the two targets
at picomolar levels, displaying great selectivity, and success-
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fully determined target SMs in a complex sample matrix. The
proposed strategy offers a paradigm to develop a simple, sensi-
tive, and selective approach for SM detection with high
universality.

2. Experimental section

2.1. Materials and reagents

All the oligonucleotide sequences (listed in Table S1) were syn-
thesized and purified by either Sangon Biotech (Shanghai) Co.,
Ltd (Shanghai, China) or Takara Biotechnology (Dalian) Co.,
Ltd (Dalian, China), and stored at —20 °C. All materials and
reagents used in this work are listed in the SI.

2.2. Preparation of antibody-coated microplates

A Na,CO; solution (0.1 M, pH 9.6) of 100 pL containing 1 pg
mL™" monoclonal antibodies for digoxin (anti-Dig) or 0.5 pg
mL~" monoclonal antibodies for folic acid (anti-FA) was added
to the wells of a microplate, which was then incubated over-
night at 4 °C. After washing the wells three times with 200 pL
of washing buffer, 200 pL of blocking buffer was added to the
wells, and then the microplate was shaken gently for 1 h at
room temperature. Finally, the wells were washed with 300 pL
of washing buffer to finish the preparation of the antibody-
coated microplate.

2.3. Competitive assay for digoxin or folic acid

For detecting digoxin or folic acid with the DNAzyme ampli-
fier-based immunoassay, 100 pL of DNAzyme solutions con-
taining various concentrations of digoxin or folic acid were
added to the corresponding antibody-immobilized wells,
which were incubated for 30 min at room temperature under
gentle shaking. Then, 200 pL of binding buffer was used to
wash the wells three times. After that, 100 pL of reaction buffer
containing 50 nM substrate was added to each well. The micro-
plate was placed in a plate reader to record the fluorescence
changes over 1.5 h at 3-minute intervals.

For the DNA fluorescent probe-based immunoassay, 100 puL
of DNA probe solutions containing different concentrations of
digoxin or folic acid were added to the corresponding anti-
body-immobilized wells. The microplate was incubated for
30 min at room temperature under gentle shaking and then
washed with 200 pL of binding buffer three times. The fluo-
rescence intensity of each well after adding 100 pL of reaction
buffer was recorded with a plate reader.

3. Results and discussion

3.1. Principle of the DNAzyme amplifier-based immunoassay
for SM detection

Scheme 1 shows the principle of the DNAzyme amplifier-based
immunoassay for SM detection. High-affinity monoclonal anti-
bodies are immobilized on the surface of wells, and the 10-23
DNAzyme is bound to the immobilized antibodies through the
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Scheme 1 Schematic illustration of the DNAzyme amplifier-based
immunoassay for SM detection.

interaction between its SM label and the antibodies. The
bound DNAzyme molecules catalyze the cleavage of substrate
molecules labeled with a BHQ1 and a FAM molecule at their
5-end and 3'-end, generating amplified fluorescence signals.
In the presence of target SMs, the SMs in solution compete
with DNAzyme molecules for binding with the immobilized
antibodies. The efficiency of the competition is governed by
the ratio of their dissociation constants, Kp, sm/Kp, pnazyme
where Kp, sv and Kp, pnazyme Tepresent the affinities of the
target SM and SM-labelled DNAzyme for the antibody, respect-
ively. In the proposed strategy, the ligation sites of the
DNAzyme differ from key epitope regions of small molecules
recognized by antibodies. The use of a spacer of carbon chains
can reduce steric hindrance. Thus, DNAzyme modified anti-
gens and unlabeled antigens have similar affinity for anti-
bodies, allowing for efficient competition with high sensitivity.
As the concentration of SMs increases, the amount of
DNAzyme bound to the antibodies decreases, resulting in
reduced fluorescence signals. Sensitive detection of SMs is
achieved by measuring the fluorescence changes with a plate
reader.

3.2. DNAzyme amplifier-based immunoassay for digoxin
detection

To demonstrate the principle of the proposed strategy, we first
constructed a DNAzyme amplifier-based immunoassay to
detect digoxin using the high-affinity monoclonal antibody of
digoxin (anti-Dig) and digoxin-labeled 10-23 DNAzyme.
Digoxin is a cardiac drug with a harmful effect at high concen-
trations and a narrow treatment window,”” and digoxin detec-
tion is important for drug analysis, clinical test, and food
safety. Fig. 1A shows the feasibility of the proposed immuno-
assay. The DNAzyme bound with the immobilized antibodies
and catalyzed the cleavage of substrate molecules to generate
amplified fluorescence signals (black line), while the system
without the DNAzyme maintained low fluorescence signals
(blue line). The fluorescence signals reduced as 5 nM digoxin
(named Dig) was added (red line).

The concentration of cations in the reaction buffer has
effects on the cleavage reaction mediated by the 10-23
DNAzyme. The concentration of MgCl, affects the activity of
the 10-23 DNAzyme and promotes hybridization between the
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Fig. 1 (A) The fluorescence responses for detecting digoxin with the
DNAzyme amplifier-based immunoassay. Optimization of the concen-
tration of (B) anti-Dig with 4 nM digoxin-labeled DNAzyme and 50 nM
substrate, the concentration of (C) digoxin-labeled DNAzyme with 1 pg
mL™! anti-Dig and 50 nM substrate, and the concentration of (D) the
substrate with 4 nM digoxin-labeled DNAzyme. The fluorescence inten-
sities at 60 min were used.

DNAzyme and its substrate. The DNAzyme catalyzed the clea-
vage of substrate molecules in the presence of MgCl,, and the
signal-to-background ratio (Fy/Fy,, Fyw and F,, are the fluo-
rescence signals of systems with the DNAzyme and without the
DNAzyme, respectively) reached a plateau at 20 mM MgCl,
(Fig. 2A). The presence of MgCl, does not affect the integrity or
stability of the pre-formed antigen-antibody complex. The con-
centration of NaCl has little effect on the cleavage reaction
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Fig. 2 Optimizing the concentration of (A) MgCl, and (B) NaCl in the
reaction buffer. The concentrations of the DNAzyme and substrate were
2 nM and 20 nM, respectively. F,, and F,,, are the fluorescence intensi-
ties of the systems with and without the DNAzyme, respectively. The flu-
orescence intensities at 60 min were used.
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(Fig. 2B). A reaction buffer containing 10 mM Tris-HCI (pH
7.5) and 20 mM MgCl, was used for DNAzyme cleavage.

We optimized the concentration of the immobilized anti-
bodies. Fig. 1B shows that higher fluorescence signals were
obtained with increasing antibody concentration. Considering
the detection sensitivity, 1 ug mL™" anti-Dig was selected to
modify the wells of a microplate. The concentration of
DNAzyme affects the level of the amplified fluorescence signal
and the progress of the competitive reaction. 4 nM DNAzyme
was selected for the immunoassay (Fig. 1C). We also tested the
concentration of the substrate to obtain a cost-effective and
efficient protocol for constructing the proposed immunoassay.
The substrate at 50 nM was used for the cleavage reaction
(Fig. 1D).

To demonstrate that the strategy possesses signal amplifica-
tion capability derived from the 10-23 DNAzyme, we made com-
parison experiments in which a DNA probe labeled with FAM
and digoxin (Table S1) competes with SMs to bind with the
immobilized antibodies (Fig. 3A). The strategy of the DNA fluo-
rescent probe-based immunoassay allowed the detection of
digoxin (Fig. 3B). We used the same concentration of anti-Dig
(1 pg mL™") for microplate coating to construct the DNA fluo-
rescent probe-based immunoassay. When digoxin was absent,
the DNA probe bound to the immobilized antibodies, and low
fluorescence signals (about 300 a.u.) were observed. This initial
fluorescence intensity is derived from the DNA fluorescent probe
bound to the immobilized antibodies. Compared with the DNA
fluorescent probe-based immunoassay, the fluorescence inten-
sity of the proposed DNAzyme amplifier-based immunoassay
was much higher (Fig. 1C), demonstrating the superior perform-
ance of DNAzyme-based assays in signal amplification because
one DNAzyme molecule can catalyze the cleavage of many sub-
strate molecules labeled with a BHQ1 molecule at one end and a
FAM molecule at the other end.

We used the proposed DNAzyme amplifier-based immuno-
assay to detect digoxin under optimal conditions. As shown in
Fig. 4, the fluorescence intensity gradually decreased with
increasing digoxin concentration. The immunoassay allowed
digoxin detection in the concentration range from 0.02 nM to
160 nM, with a detection limit of 0.03 nM. The proposed strat-
egy showed better detection sensitivity than some previously
reported methods (Table S2),>°* and the detection limit is
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Fig. 3 (A) Schematic illustration of the DNA fluorescent probe-based

immunoassay for SM detection. (B) Effect of the DNA probe at different
concentrations in the DNA fluorescent probe-based immunoassay.
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Fig. 4 Detection of digoxin using the DNAzyme amplifier-based
immunoassay. (A) Time-dependent fluorescence responses toward
various concentrations of digoxin. (B) Plots of fluorescence intensities at
60 min versus digoxin concentrations.

much lower than the digoxin concentration (0.7 to 0.9 ng
mL™") stated in the 2010 practice guideline of the Heart Failure
Society of America (HFSA).** Compared with the immunoassay
using fluorescent DNA labeled with digoxin under the same
reaction conditions (Fig. S1), the DNAzyme amplifier-based
immunoassay shows a larger signal decrease caused by the
target, a wider detection range and a lower detection limit, and
the DNAzyme amplifier-based immunoassay achieved about
16-fold signal amplification (Fig. 4).

We confirmed that the immunoassay had good selectivity by
testing several different small molecule samples, including
L-ascorbic acid, f-estradiol, tetracycline, ampicillin, uric acid,
L-asparagine, and i-tyrosine (Fig. 5). Only the samples containing
digoxin showed significant fluorescence decreases. High selecti-
vity benefits from the specific antigen-antibody interactions.

The proposed DNAzyme amplifier-based immunoassay
enables sensitive detection of digoxin in a complex sample
matrix. We successfully detected digoxin in 50-fold diluted
human serum samples, and the digoxin concentration range is
from 0.02 nM to 80 nM, with a detection limit of 0.09 nM
(Fig. S2). We further achieved the detection of digoxin in
20-fold diluted urine samples with a LOD of 0.2 nM (Fig. S3).
These results indicate the potential application of the
DNAzyme amplifier-based immunoassay in SM analysis.

3.3. DNAzyme amplifier-based immunoassay for folic acid
detection

We further applied the immunoassay for folic acid (FA) detec-
tion to demonstrate its potential application as a general
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Fig. 5 The selectivity of the DNAzyme amplifier-based immunoassay

for digoxin detection. The fluorescence intensities at 60 min were used.
The concentration of small molecules was 5 nM.
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approach for SM analysis. Folic acid is a class of water-soluble
vitamins that play an important role in human health and
development.”® We used 0.5 pg mL™" monoclonal antibodies
for FA (anti-FA) and 1 nM FA-labeled DNAzyme to construct
the immunoassay for FA detection (Fig. S4). The immunoassay
could sensitively detect FA with a detection limit of 0.02 nM
(Fig. 6), which is lower than the normal concentration in the
human body (5-15 ng mL™')* and FA at concentrations
ranging from 0.01 nM to 320 nM was detected (Fig. 6). The
detection limit of FA is lower than that of some reported
methods (Table $3),>> % demonstrating its great capability in
SM analysis. The immunoassay could selectively detect FA
(Fig. S5), and successfully detected FA in 50-fold diluted
human serum samples and 20-fold diluted urine samples with
LODs of 0.04 nM and 0.2 nM, respectively (Fig. S6 and S7).

As comparison, we also constructed a FA-labeled DNA fluo-
rescent probe-based immunoassay. Under the same concen-
tration of immobilized anti-FA (0.5 pg mL ™), the use of 1 nM
FA labeled DNA probe conjugated with FAM (Table S1) resulted
in the highest fluorescence signal value (about 100 a.u.)
(Fig. S8), which was much lower than that produced by the
DNAzyme amplifier-based immunoassay (Fig. S4B). We used
the DNA probe-based immunoassay to detect folic acid
(Fig. S9), which shows much lower sensitivity than the
DNAzyme amplifier-based immunoassay (Fig. 6). These results
indicate that the proposed DNAzyme amplifier-based immuno-
assay has high signal amplification capability and exhibits
better detection sensitivity for SMs.

In our strategy, the intrinsic catalytic amplification capa-
bility of the DNAzyme significantly enhances assay sensitivity.
It exhibits rapid response kinetics at room temperature, com-
pleting detection within one hour, which is suitable for timely
diagnostics. Unlike conventional point-of-care testing (POCT)
methods using CRISPR or isothermal amplification,
DNAzyme-based sensors do not need multi-step operation and
costly enzyme reagents, enabling “sample-to-result” one-step
detection. The proposed immunoassay holds significant
promise for integration with portable readout systems or com-
patibility with established POCT platforms. Besides the 10-23
DNAzyme, other DNAzyme sequences can also be used as
labels of small molecules, and we can use the corresponding
substrate modified with other fluorophores. In this way, mul-
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immunoassay. (A) Time-dependent fluorescence responses toward
various concentrations of folic acid. (B) Plots of fluorescence intensities
at 60 min versus folic acid concentrations.
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tiple small molecule targets can be detected by measuring the
fluorescence signals from different fluorophores with the
DNAzyme based immunoassays.

4. Conclusions

In summary, a simple DNAzyme amplifier-based immunoassay
was reported for detecting SMs. SMs in solution compete with
the antigen-labeled DNAzyme for binding to immobilized anti-
bodies, leading to changes in the amplified fluorescence
signals generated by the cleavage of the substrate of the
DNAzyme. The fluorescence signals decrease with increasing
SM concentration. The proposed immunoassay has the advan-
tages of simple design and no need for pre-amplification and
complex operation. The strategy integrates the signal amplifi-
cation from the DNAzyme and the high selectivity of the
immunoassay. The modular design of the DNAzyme amplifier-
based immunoassay provides a possibility for combining with
a cascading amplification strategy to further improve assay
sensitivity. In addition, this method is suitable for the develop-
ment of portable devices since the catalytic cleavage reaction
of the DNAzyme can be performed at room temperature. The
immunoassay holds significant potential for achieving multi-
plex detection by rationally designing DNAzyme sequences
and may provide a pathway for developing an easily manufac-
turable point-of-need sensor.
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