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� Ultrasensitive ELISA was developed
based on a new dual amplification
enabled counting strategy.

� Dural amplification was realized
through the combination of tyramide
signal amplification (TSA) and alka-
line phosphatase enabled formation
of fluorescent precipitates.

� This study opens a new and universal
avenue to improve the sensitivity of
conventional plate-based ELISA.
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a b s t r a c t

ELISA is a predominant technique in the detection of biomarkers. Notwithstanding its ubiquity and
numerous advantages, its application for detection of low abundant biomarkers requires the ultra-
sensitivity. To bridge the gap between the need and availability, an innovative dual amplification enabled
counting based ELISA was developed for ultrasensitive detection of mouse total IgG (a model biomarker).
The dual amplification strategy, which is compatible with conventional plate-based ELISA, was realized
through tyramide signal amplification (TSA) and alkaline phosphatase enabled formation of fluorescent
precipitates. The counting of fluorescent precipitates in 25 images of each well can correlate the number
of precipitates to the concentration of IgG with good linearity and lower the limit of detection of the
commercial mouse IgG kit (1.56 ng/mL) to 54.5 pg/mL. Recovery tests further demonstrate the reliability
of the developed method. This study opens a new avenue to improve the sensitivity of conventional
plate-based ELISA.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Immunoassay has been a dominant technique in biomarker
detection since its emergence in the 1960s [1]. Specifically,
enzyme-linked immunosorbent assay (ELISA) developed in 1971

rapidly becomes the gold standard for detecting biomolecules [2,3].
Because of its convenience and wide applications in various fields,
the improvement of ELISA performance started nearly at the same
timewhen it was developed, whichwaswitnessed by fluorescence-
based ELISA developed in 1979 [2] and beads-based ELISA
employed to detect antigens by Gundersen in 1991 [4]. In the past
two decades, a variety of ELISAs in different variants have been
further reported, including the digital ELISA for biomarker detec-
tion at a single molecule level [5e7], paper-based ELISA for fast
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diagnosis and low-cost point of care [8,9], and nano-ELISA for food
analysis [10,11]. ELISAwas also recently adapted to detect emerging
targets such as SARS-CoV-2 [12,13]. Although the aforementioned
ELISA variants offer additional options to end-users, the dominant
ELISA format employed in the clinical practice is still conventional
plate-based ELISA because of its low instrument requirements, high
reliability, affordability, adaptability, and convenience. However,
conventional plate-based ELISAs typically detect the concentration
of biomarkers at the level of 10�12 M and above [14], and thus are
not able to offer the required limit of detection (LOD) for early
diagnosis of disease-related biomarkers (e.g., HIV and cancers)
[15,16]. Therefore, there is a high demand to improve the conven-
tional plate-based ELISA in order to diagnose the fatal diseases at
their early stages.

It is always challenging to improve the performance of conven-
tional plate-based ELISAwith minimal modifications of the protocol,
which can be immediately adapted to the clinical practice using the
commercially available ELISA kits. One research direction is to intro-
duce nanoparticles (e.g., metal nanoparticles, silicon nanoparticles,
biological nanoparticles, etc.) into current conventional plate-based
ELISA for signal enhancement [17e19]. The major merit of this
strategy is to enhance the signal intensity through these nano-
particles enabled a large number of reporter enzymes. For example,
Lu et al. designed a Pt/IrO2@streptavidin nano flower as a reporting
enzyme carrier to enrich the quantities of horseradish peroxidase
(HRP), which would help produce more colored products in the final
signal generation stepwith a short time [20]. Recently, we employed
engineered outer membrane vesicles (OMVs) decorated with Z
domain and a number of Nanoluc (Nluc) luciferases to generate
bioluminescence signal for IgG detection [21]. Although the
nanoparticles-based strategy is elegant, some disadvantages such as
the requirement of nanoparticles and the variation of nanoparticles’
quality from batch to batch may result in low reproducibility, thus
prohibiting their wide applications. The other research direction is to
develop new substrate molecules for enhanced signals. For example,
Acharyaetal. demonstrated thathydrocyaninescouldbeemployedas
the substrate for HRP,which increased the sensitivity of conventional
ELISAs by two orders of magnitude [22]. However, its application in
plate-based ELISA does not receive extensive attention, which is
presumably ascribed to the fact that the new substrates are not easily
accessible and the synthesis of substrate causes extra cost. Therefore,
a newmethod compatiblewith conventionalplate-basedELISA is still
highly demanded.

In this study, we developed a new dual amplification approach
to take the advantages of enriching the quantities of reporting
enzymes through tyramide signal amplification (TSA) and intro-
ducing an alkaline phosphatase (ALP) enabled fluorescent precipi-
tate reporting system into a conventional plate-based ELISA, thus
allowing direct-counting based ultrasensitive detection of bio-
markers. TSAwas first developed in 1989 for immunoassay's signal
amplification [23]. Because of its low cost, fast turnaround, high
reliability, and convenience, TSA has been introduced in in-situ
hybridization, electron microscopic immunocytochemistry, cell
labeling, tissue signal amplification, etc., for low abundant bio-
molecules of interest [24e26]. Nowadays, TSA has also been one of
the prevailing signal amplificationmethods in designing innovative
ELISAs, including quantum dots conjugated with tyramide as re-
porters for ELISA of IgG detection [27] and integration of TSA with
fibrin hydrogels to develop a simplified CARD-digital ELISA for
Interleukin-6 with the LOD as low as 1 fM [28]. However, they are
not compatible with conventional plate-based ELISA platforms in
general. On the other hand, ELF 97 phosphate substrate (ELFP) [29]
has been extensively employed as the substrate of ALP. The product
of this enzyme reaction is ELF alcohol (ELFA) that yields a bright
green fluorescent precipitate with an extremely large Stokes shift

(lex ¼ 345 nm and lem ¼ 530 nm). The signal could be easily
distinguished from the cellular autofluorescence, which enables it
to acquire extensive usage in cell staining [30e33]. Recently, we
revealed that the ELFA tended to form large precipitates in basic
environments and then integrated ALP-enabled ELFA fluorescent
precipitates reporting system with whole area scanning (WAS)
technology to investigate the blocking efficiency of three blocking
agents in conventional plate-based ELISA through a digital-
counting method [34]. It shows the potential to be applied in the
conventional plate-based ELISA.

Herein, an innovative dual amplification enabled counting
based ELISA (DAC-ELISA) was developed for ultrasensitive detec-
tion of mouse total IgG (a model biomarker). Conventional sand-
wich immunocomplex constructed in the microplate wells was
employed as a base. The dual amplification strategy, which is
compatible with conventional plate-based ELISAs, was accom-
plished through tyramide signal amplification and ALP-enabled
formation of fluorescent precipitates. The first amplification relies
on biotinyl-tyramide (B-T) conjugating with the sandwich immu-
nocomplex (triggered by HRP) to increase the number of biotins,
which will further increase the number of reporting enzymes (ALP)
through the interaction between biotin and Streptavidin-ALP (SA-
ALP), thus resulting in the second amplification through rapid
fluorescent precipitates formation upon the addition of ELFA-
saturated ELFP substrate. The rapid counting of fluorescent pre-
cipitates in 25 images of each well can be correlated to the con-
centration of IgG with an impressive limit of detection (LOD)
compared to that of conventional ELISA. Mouse IgG spiked in goat
serum samples was investigated to further evaluate its specificity,
recovery, accuracy, and precision. This study indicates that the
developed dual amplification strategy opens a new but universal
avenue to improve the sensitivity of conventional plate-based
ELISA and holds great potential in achieving ultrasensitive detec-
tion of biomarkers on conventional plate-based ELISA platforms.

2. Experimental section

2.1. Reagents, supplies, and instruments

IgG (Total) Mouse Uncoated ELISA Kit, Streptavidin-Alkaline
phosphatase conjugate (SA-ALP), and ELF™ 97 phosphate (ELFP)
were purchased from Thermo Fisher Scientific Inc. (USA). ELAST
ELISA Amplification Kit was purchased from PerkinElmer Life Sci-
ences, Inc. (USA). Bovine Serum Albumin (BSA) was bought from
Sigma-Aldrich (USA). 10 � phosphate buffered saline (PBS,
pH ¼ 7.4) and 10 � Tris/Glycine/SDS buffer (pH ¼ 8.3) were ac-
quired from Bio-Rad Laboratories, Inc. (USA). 10 � buffers were
diluted to 1 � before use. H3PO4, Goat Serum, Tween™ 20, Syringe
Filters (pore size, 0.2 mm), and Falcon™ 96-well (flat bottom)
polystyrene microplates were purchased from Fisher Scientific
Company (USA). Colorimetric readouts were acquired using Syn-
ergy™ HT Multi-Detection Microplate Reader (Bio-Tek In-
struments). Images were captured using the BZ-X800 All-in-One
fluorescence microscope (Keyence Corporation) with a
20 � objective lens (NA ¼ 0.45, Nikon). Customized optical filter
cube with lex ¼ 345 nm and lem ¼ 530 nm was obtained from
Chroma Technology Corporation. All images were processed using
the BZ-X800 analyzer software.

2.2. Protocol of DAC-ELISA

The procedure of DAC-ELISA consists of 4 major steps in
sequence, including a traditional sandwich ELISA step, a TSA step,
an ALP enabled ELF amplification step, and image capture for
direct-counting.
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2.2.1. The sandwich ELISA step
The protocol used here was adapted from the manual of the

purchased ELISA kit. In brief, 100 mL capture antibody solution was
added to each well of the 96-well microplate. The plate was sealed
and incubated overnight at 4 �C. After overnight incubation, solu-
tions were aspirated, the capture antibody coated wells were
washed twice using 300 mL wash buffer (1 � PBS, 0.05% Tween™
20). After washing, all wells were blocked with 250 mL blocking
buffer provided in the ELISA kit for 2 h at room temperature. The
blocking solution was then aspirated, and all wells were washed
twice using the wash buffer. Next, 100 mL analyte dissolved in assay
buffer (a component of the ELISA kit) with varying concentrations
was added into the well, denoted as experimental wells, while
100 mL assay buffer was loaded into the control wells. After the
addition of analyte dissolved in assay buffer and blank assay buffer,
50 mL HRP conjugated detection antibody solution was added into
each well. The plate was incubated for 2 h at room temperature.
Then, the solutions were aspirated, and wells were washed with
wash buffer for four times.

2.2.2. TSA step
The protocol used here was adapted from the manual of the

amplification kit. Wells prepared in the sandwich ELISA were
incubated with biotinyl-tyramide (B-T) solution (5 mL/mL) in the
presence of H2O2 for 15 min at room temperature. After aspiration,
all wells werewashedwith 1� PBS, 0.5% Tween™ 20 for four times.

2.2.3. ALP-enabled ELF amplification
Wells prepared in sandwich ELISA followed by TSA were then

incubated with 100 mL of 2 mg/mL SA-ALP dissolved in PBS with 1%
BSA for 15 min at room temperature. Solutions were aspirated, and
all wells were washed using 1 � PBS, 0.5% Tween™ 20 for four
times. After washing, 100 mL of 16.67 mM ELFP Tris/Glycine/SDS
solution (ELFA saturated) was added into each well. The plate was
incubated for 2.5 h at room temperature before image capture.

2.2.4. Image capture for direct-counting
The microplate was fixed on the stage of the BZ-X800 micro-

scope for imaging. For each well of interest, 25 images were
captured, and the number of ELFA precipitates in each image was
counted employing BZ-X800 analyzer software.

2.3. Optimization of B-T concentration for TSA

Wells were first prepared employing the sandwich ELISA pro-
tocol, and the analyte dissolved in assay buffer were 2-fold serial
diluted mouse IgG standard (a component of the ELISA kit) from
1.5625 ng/mL to 0.0977 ng/mL. Wells prepared in sandwich ELISA
were then incubated with 50 � (20 mL B-T solution/mL),
100 � (10 mL/mL), 200 � (5 mL/mL) diluted B-T solutions in the kit
for 15 min at room temperature. After aspiration, all wells were
washed with 1 � PBS, 0.5% Tween™ 20 for four times. After
washing, each well was incubated with 100 mL SA-HRP (a compo-
nent of the ELISA amplification kit) for 15min at room temperature.
All wells were then aspirated and washed using 1 � PBS, 0.5%
Tween™ 20 for four times. Finally, wells were incubated with
100 mL TMB substrate solution for 15 min at room temperature.
100 mL of 1 M H3PO4(aq) was finally added to quench the reaction.
The plate was read at 450 nm employing a microplate reader. Ex-
periments were conducted in triplicate. The optimal B-T concen-
tration (5 mL/mL) which was experimentally determined to
generate the best amplification was employed in TSA in this study.

2.4. Optimization of the substrate

2.4.1. Preparation of ELFA-Saturated ELFP solution
100 mL of 100 mMELFP Tris/Glycine/SDS solutionwasmixedwith

100 mL of 2 mg/mL SA-ALP dissolved in 1 � PBS with 1% BSA for
15 min. Then, the mixture was incubated in a 100 �C water bath for
1 h to inactivate the ALP. The temperature was reduced to room
temperature before further use. ALP inactivated mixture was vor-
texed for 30 s. 100 mL mixture was then added to 4900 mL ELFP Tris/
Glycine/SDS solution where the final concentration of ELFP is
16.67 mM. This solution was incubated for 10 min and then filtered
with a 0.2 mm syringe filter to separate un-dissolved ELFA pre-
cipitates. The filtrate obtained was an ELFA-saturated ELFP solution,
which was ready for use.

2.4.2. The effect of ELFA saturation in ELFP solution on fluorescent
precipitates formation

Two wells were prepared employing the DAC-ELISA protocol.
The analyte dissolved in assay buffer was 100 mL of 1.5625 ng/mL
mouse IgG standard (a component of the ELISA kit). Modifications
were in the ELF amplification step where one well was incubated
with 100 mL of 16.67 mM ELFP Tris/Glycine/SDS solution (ELFA
saturated), and the other was incubated with 100 mL of 16.67 mM
ELFP Tris/Glycine/SDS solution. Images were captured every 30 min
during 3 h incubation. Experiments were conducted in triplicate.

2.4.3. Determination of optimal ELFP concentration
Wells were prepared employing the DAC-ELISA protocol. The

test was based on a 100 mL assay buffer for background signal as
minimal background signal is critical for improving the limit of
detection. Modifications were in the ELF amplification step where
wells were incubated with 100 mL of 50 mM, 25 mM, 16.67 mM, and
12.5 mM ELFP Tris/Glycine/SDS solution (ELFA saturated), respec-
tively. Experiments were conducted in triplicate.

2.4.4. Determination of optimal incubation time
Wells were prepared employing the DAC-ELISA protocol. The

analyte dissolved in assay buffer was 100 mL of 1.5625 ng/mLmouse
IgG standard in the ELISA kit. Modifications appeared in the image
capture step, where images were captured every 30 min during 4 h
of incubation. Experiments were conducted in triplicate.

2.5. Matrix effect and recovery test

For the study of the matrix effect, wells were prepared
employing the DAC-ELISA protocol. The analyte was 100 mL diluted
goat serum in assay buffer. Goat serum was diluted 4, 10, 100, 500,
1,000, 10,000, and 100,000 folds using the assay buffer. In the re-
covery test, wells were prepared employing the DAC-ELISA proto-
col. For the study of the recovery test, the analyte was 100 mL of IgG
standard spiked into 100,000 times diluted goat serum in assay
buffer where the final concentrations of IgG standard are 0.1 ng/mL
and 0.2 ng/mL, respectively.

3. Results and discussion

3.1. Principle of dual amplification enabled counting (DAC) based
system for conventional sandwich ELISA

DAC system consists of two amplification steps, including TSA
and ALP-enabled ELF signal amplification (Fig. 1). TSA is a widely
used signal amplification strategy and ideal for the detection of
biomolecules with low abundance. The principle of TSA utilized in
this study is illustrated in Fig. S1. In the presence of H2O2, B-T is
oxidized by HRPs, which have already been conjugated on the
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detection antibody, to form tyramide radicals. These radicals
further react with electron-enriched molecules such as tryptophan
and tyrosine on biomolecules (e.g., proteins, antibodies, etc.) in the
proximity. As this reaction has no selectivity, it labels the detection
antibody, antigens, and capture antibody in proximity with biotin.

To generate the signal, ALP-enabled ELF signal amplification is
introduced after TSA, and the corresponding reaction is illustrated
in Fig. S2. As shown in Fig. 1, the more biotins are conjugated onto
the immunocomplex; the more reporting enzymes are anchored
through the interaction between biotin and SA-ALP. Upon the
addition of the substrate (ELFA-saturated ELFP solution), ALPs
convert ELFP to ELFA and form spindle-shaped fluorescent pre-
cipitates with superior photostability that can attach to the bottom
surface of the plate. The precipitates can be imaged, and their total
number can be counted and correlated with the concentration of
analytes. In clinical practice, analyte standards can be employed to
establish the calibration curve, and thus the concentrations in un-
known samples can be obtained accordingly. In this design, the
signal is amplified by TSA and ELF amplification in tandem, which
significantly lowers the limit of detection of themethod, comparing
to the conventional ELISA.

Employing an ELFA-saturated ELFP substrate is necessary for
this strategy, which shortens the assay time and enhances the
sensitivity. Usually, ELFA is produced as ALP catalyzes ELFP sub-
strate. Although ELFA is water-insoluble, it does not precipitate out
from the solution until the solution is saturated with ELFA. If only
ELFP solution is employed, a different time is required to generate
ELFA-saturated solution as the number of ALPs is dependent on the
analyte concentration. Since ELFA precipitation starts at different
moments, the correlation between ALP and ELFA precipitate cannot
be reliably established among different target concentrations. The
use of ELFA-saturated ELFP could avoid such differences. Once the
ELFA-saturated ELFP is added, the ELFA precipitate will separate
from the solvent immediately regardless of the amount of ALP. In
addition, the utilization of the ELFA-saturated ELFP substrate can
shorten the assay time by eliminating the saturation step, espe-
cially important for the detection of the low abundant target. As
illustrated in Fig. 2, the number of ELFA precipitate produced from
the use of the ELFA-saturated ELFP substrate is more than that of
the unsaturated one under the same incubation time. Therefore, an
ELFA-saturated ELFP substrate is used in subsequent experiments.

Fig. 1. The principle of the dual amplification enabled counting based ELISA (DAC-ELISA) system.
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3.2. Performance of DAC reporting system in mouse IgG standard
test under ELISA format

The main goal of this study aims at developing the DAC-ELISA
system to improve the LOD of the conventional plate-based ELISA
with a minor modification of the protocol. The LOD of the con-
ventional ELISA kit employed in this study is 1.56 ng/mL. The IgG
standards tested in the current study were diluted from 1.56 ng/mL
in a 2-fold serial manner, and the wells with blank assay buffer
were prepared as negative controls. Parallel tests were conducted
employing the original HRP-TMB reporting system, TSA-HRP-TMB
reporting system, and DAC reporting system. For the original
HRP-TMB reporting system described in the kit (Fig. 3A), all
absorbance values obtained at 450 nm were below 0.25. These
readouts were so small and close to the cutoff value (0.065 ± 0.002)
and the resolution of the microplate reader, indicating that the
detection of IgG lower than 1.56 ng/mL is not achievable using
original HRP-TMB system. This observation is in good agreement
with the LOD of the kit. For the HRP-TSA-TMB reporting system
(Fig. 3B), signals were amplified to a certain extent compared to the
HRP-TMB system, which is attributed to TSA. However, the cutoff
value (0.183 ± 0.004) increased and was larger than the readout of
0.148 ± 0.019, corresponding to 0.098 ng/mL IgG standard. In
addition, no strong linear relationship was observed between the
absorbance and the tested concentrations range. These results
indicate that these two reporting systems may not be reliable to be
applied for biomarker detection at such low concentrations. As
shown in Fig. 3C, the DAC reporting system surpassed the other two
strategies and lowered the LOD of the conventional ELISA over 25
times. In addition, a good linear fit was achieved for the IgG stan-
dards with the concentration ranging from 98 pg/mL to 1.5625 ng/
mL. The LOD was 54.5 pg/mL, calculated by extrapolating the
concentration from the readout equal to background readout plus
three standard deviations of the background readout. The coeffi-
cient variations (CV) of all values were ranging from 1.25% to 2.41%,
which represented the superior precision and repeatability of the
results. Moreover, the large slope of the calibration curve between
the precipitate number and the analyte concentration indicates
enhanced sensitivity and accuracy since the readout number varies
substantially even though the concentration of analyte just has a
minor variation (Fig. 3DeI).

3.3. Matrix effect, accuracy, and precision

Elimination of matrix effect is indispensable for all specimens
from body fluids such as plasma and serum due to the fact that the
complicated components in biological samples might result in high
background noise and thus cause overestimated results. Currently,
the predominant strategy to eliminate the matrix effect is through
direct dilution of the sample into assay buffer. In the commercial
mouse IgG ELISA kit, the supplier recommends the starting dilution
is 10,000-fold for serum and plasma samples using assay buffer. To
evaluate the matrix effect in the current study, goat serum (free of
mouse IgG) was employed and diluted in assay buffer provided in
the kit from 4 to 100,000 folds. As illustrated in Fig. 4A, the pre-
cipitate numbers were decreased with the increase of dilution
factors initially, as expected. The average precipitate number with
dilution factors of 1,000, 10,000, and 100,000 was counted and
calculated to be as low as 10, 19, and 23, respectively. This result
indicates that the matrix effect of biological samples could be
ignored by a substantial dilution. Thus, 100,000-fold diluted goat
serumwith spiked mouse IgG is used in subsequent recovery tests.
To carry out the recovery tests, the as-developed DAC-ELISA was
challenged with 100,000-fold diluted goat serum spiked with
0.1 ng/mL and 0.2 ng/mL mouse IgG, respectively. The results of the
IgG standard spiked goat serum test (n¼ 3) show superior accuracy,
precision, and recovery (Fig. 4B). For the 0.2 ng/mL and 0.1 ng/mL
samples tested, the recovery reached 99.35 ± 2.45% and
97.90 ± 4.00%, respectively. The relative error was 0.65% and 2.10%,
and the relative standard deviation was 2.47% and 4.09%, respec-
tively (Table 1). These results indicated the reliability and excellent
performance of the DAC-ELISA.

3.4. DAC-ELISA optimization in assay development

The aforementioned experiments were conducted under opti-
mized conditions. The selection of optimal substrate concentration
and the determination of the substrate incubation time are pre-
sented in the subsequent section.

Identifying an appropriate substrate concentration is essential
in this method because it determines the background signal (noise)
level for the negative control, which can substantially influence the
sensitivity of the assay. It is a trade-off between the substrate

Fig. 2. The comparison of the effect of ELFP substrate and ELFA-saturated ELFP substrate on fluorescent precipitates formation. Representative field-of-view (FOV) image of a well
incubated with 16.67 mM ELFP substrate at (A) 1.5 h, (B) 2 h, (C) 2.5 h, and (D) 3 h, respectively. Representative FOV images of a well incubated with 16.67 mM ELFP substrate (ELFA
saturated) at (E) 1.5 h, (F) 2 h, (G) 2.5 h, and (H) 3 h, respectively. The analyte was IgG standard with a concentration of 1.5625 ng/mL, and the dual amplification protocol was
applied.
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concentration and the precipitate formation (rapidness and count-
ability). On the one hand, a higher substrate concentration results

in considerable numbers of ELFA precipitates to be generated in a
short time. However, more precipitates (noise) for negative control

Fig. 3. Performance of DADC reporting system for mouse IgG detection. IgG detection using (A) HRP-TMB reporting system, (B) HRP-TSA-TMB reporting system, and (C) DAC
reporting system. One representative image at each IgG concentration - (D) 0 (negative control), (E) 0.0977 ng/mL, (F) 0.1953 ng/mL, (G) 0.3906 ng/mL, (H) 0.7813 ng/mL, (I)
1.5625 ng/mL - was used to establish the calibration curve of DAC-ELISA system.

Fig. 4. Matrix effect and recovery tests of DAC-ELISA. (A) Background signal from mouse-IgG free goat serum at varied dilutions, and (B) Recovery tests using mouse IgG spiked into
100,000 � diluted goat serum with the final concentrations of 0 ng/mL (control), 0.2 ng/mL, and 0.1 ng/mL (n ¼ 3).

Table 1
Performance of DAC-ELISA in the recovery tests. Mouse IgG standards spiked into 100,000-fold diluted goat serum (n ¼ 3).

Target Molecule Reference concentration (ng/mL) Detected Concentration (ng/mL) Relative Error (RE%) Reproducibility (RSD%) Recovery (%)

Mouse IgG 0.2 0.1987 ± 0.0049 0.65 2.47 99.35 ± 2.45
Mouse IgG 0.1 0.0979 ± 0.0040 2.10 4.09 97.90 ± 4.00
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decline the signal-to-noise ratio and consequently decrease the
sensitivity of the assay. On the other hand, too low substrate con-
centration requires extended assay time to form precipitates. In the
current study, four substrate concentrations ranging from 12.5 mM
to 50 mMwere testedwith an incubation time of 2.5 h. As illustrated
in Fig. S3, the numbers of ELFA precipitates decreased with the
decrease of concentrations of ELFP. At the concentration of 50 mM
(Fig. S3A), a higher number of precipitates were produced but
intertwined with each other, which causes difficulty in counting
accuracy. Once the concentration was equal to or lower than
16.67 mM (Figs. S3C and D), it is observed that nearly no ELFA
precipitate appeared, which was an ideal situation for the negative
control. Therefore, 16.67 mM ELFP solution (ELFA saturated) was
used in the assay.

Conducting the assay with a proper substrate incubation time is
significant as well. Being similar to the effect of substrate concen-
tration on the performance, it is also a trade-off between substrate
incubation time and the precipitate formation (rapidness and
count-ability). On the one hand, a short substrate incubation time
may result in insufficient ELFA precipitates produced, which causes
the failure of the assay. On the other hand, excessive ELFA pre-
cipitates associated with extended incubation time intertwine with
each other and then form aggregates, resulting in counting inac-
curacy and underestimating the precipitate number. In addition, a
long incubation time is not desired since it indicates a long assay
time for the results. To determine a suitable substrate incubation
time, a time lapsing study lasting 4 h was conducted to monitor the

precipitate layout on the well bottom. As illustrated in Fig. 5, ELFA
precipitates began to appear after 1 h incubation, and its number
increased gradually with the incubation time to 2 h. However, 3 h
incubation results in abundant ELFA precipitates with a few pre-
cipitates intertwined, and the intertwinement becomes more sig-
nificant with 4 h incubation (Fig. 5C and D). To maximize the
number of ELFA precipitates for a better sensitivity while mini-
mizing the intertwinement of precipitates for better counting ac-
curacy, 2.5 h incubation time was used in the assay development.

3.5. Discussion

A dual amplification enabled counting system was integrated
with conventional plate-based ELISA for enhanced assay perfor-
mance. TSA significantly enriches the number of ALP on one
antigen-antibody binding event, while ALP-enabled fluorescent
precipitate formation allows direct-counting of the precipitates for
concentration correlation of target molecules. One-step ALP single
amplification was also tested under the similar experimental con-
ditions and all IgG concentrations returned nearly no fluorescent
precipitates. It is attributed to the fact that the number of the ALP is
not enough to produce detectable signal. Therefore, TSA plays a
critical role in the dual amplification system.

To shorten the assay time and enhance the sensitivity, ELFA-
saturated ELFP substrate solution is employed in conjunction
with the optimal substrate concentration and incubation time.
Under the optimal conditions, detection of mouse IgG with high

Fig. 5. Determination of the substrate incubation time. One representative image for different incubation times at (A) 1 h, (B) 2 h, (C) 3 h, and (D) 4 h, respectively. The analyte was
IgG standard with a concentration of 1.5625 ng/mL. The substrate was 16.67 mM ELFP solution (ELFA saturated), and the dual amplification protocol was applied.
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sensitivity, accuracy, and precision was obtained. Current protocol
is adequate for real applications, corroborated by the good recovery
test result using spiked samples. However, it is worth pointing out
that only 25 images were captured for each well in the current
practice, and the number of ELFA precipitates in these 25 images
was employed to represent the signal for concentration correlation.
The main rationale relies on the relatively uniform distribution of
ELFA precipitates across the well, indicating there is no need to
conduct time-consuming whole well scanning. As shown in Figs. S4
and 25 images at five different spots in a well were captured
(Fig. S4A). Counting results of these five spots were employed to
conduct the single-factor ANOVA test. The p-value was 0.07, indi-
cating no significant difference among the different spots tested.
The other rationale of only capturing 25 images (instead of the
whole well) is to consider the time required for image capturing. It
takes about 50 s to capture 25 images, while it requires about 7 min
to scanning each whole well. Considering the triplicated experi-
ments on multiple IgG concentrations in each round, it could take
hours to complete the scanning of all wells if whole well scanning
were used. This could cause a significant difference in incubation
time at different wells for imaging and the corresponding precipi-
tate number as the enzymatic reaction is a continuous process, thus
sacrificing the assay accuracy. The utilization of quenching reagents
to terminate the enzymatic reaction like conventional ELISA was
also exploited. Ethylenediaminetetraacetic acid (EDTA) and L-
phenylalanine are two inhibitors that are widely employed for ALP
[35]. The addition of these inhibitor solutions, if successful, could
quench the enzymatic reaction, thus allowing direct-counting of
the whole well without the aforementioned issue. However, our
study shows that the distribution of the ELFA precipitates is
disturbed extensively by the addition of bulk quenching solution,
resulting in inaccuracy in counting. Moreover, more time is
required for the disturbed precipitates to completely settle down
again, resulting in a longer assay time. Therefore, the quenching
reagent was not introduced in the final protocol to terminate the
enzymatic reaction. In addition, to further shorten the turnaround
time of the entire assay, strategies are not limited to the optimi-
zation of the assay steps conducted in this study. All other classic
ELISA optimization strategies such as varying the capture/detection
antibody concentrations, finding the shortest blocking time, etc.
could be applied to the current assay.

The DAC reporting system possesses several prominent advan-
tages compared to colorimetric signal detection. The counting
based signal detection strategy can overcome the intrinsic resolu-
tion limitation of the instrumentation, which is the major barrier of
the conventional plate-based ELISA. Although the introduction of
additional signal amplification strategies such as TSA and nano-
particles into plate-based ELISA, this barrier is not fully resolved as
the signal detection principle remains the same. On the contrary,
employing the image-based direct-counting method substantially
avoid such issue. The sensitivity of the fluorescent microscope is so
high that individual ELFA precipitates at the well bottom are
detected and contribute to a higher sensitivity. The dual amplifi-
cation enabled direct-counting based ELISA system has enormous
potential as it is compatible with any commercial ELISA kit and any
other type of ELISA. The prerequisites for accomplishing the DAC-
ELISA are an optically transparent surface for supporting ELFA
precipitates from DAC-ELISA, the HRP-labeled detection antibody
as a catalyst for TSA, the SA-ALP as the reporter enzyme, and a
fluorescent microscope with scanning function and an appropriate
filter. All these instruments/reagents are commercially available
and highly accessible in any advanced analytical laboratory. The
concentrations of B-T, SA-ALP, ELFP substrates can be adjusted ac-
cording to the need for detection sensitivity and the assay time.
Another highlight of the DAC-ELISA system is the convenience as all

reagents are commercially available with quality control. Thus it
does not require additional complicated synthesis as other
nanoparticles-based strategies under laboratory development. Not
limit to plate-based ELISA, the DAC reporting system can also be
integrated with bead-based ELISA to develop a new digital detec-
tion technique with ultra-sensitivity. Nowadays, it is a mature
technique to achieve one immunocomplex on individual magnetic
beads [36,37]. The TSA amplification only occurs to the bead
bearing individual immunocomplex without crossing reaction onto
other beads since the short lifetime of tyramide radicals when the
concentration of beads is low [38]. In addition, ELFA precipitates
tend to localize at the enzymatic activity sites rather than diffusing
to other places [33,34]. Combining these merits together, DAC-
based ELISA is promising. One big advantage of this method is
that there is no compartmentalization required compared with the
existed digital ELISA. Also, current beads based digital ELISA typi-
cally requires a high binding affinity between antibody-antigen
pairs with a KD value usually below 10�12 to survive through
rigorous washing steps [39]. However, in the present study, IgG
antibody typically possesses a KD value in the nM range and the
results indicate that the developed dual amplification enabled
counting based system may be applicable for antibody-antigen
pairs with low affinity. Besides the aforementioned appealing at-
tributes in DAC-ELISA, some downsides still remain compared to
conventional colorimetric ELISA. One limitation is the relatively
long assay time. By introducing the dual amplification and counting
step into the conventional ELISA, the assay time is elongated
compared to conventional ELISA. The other limitation is that the
image capturing time by a scanning microscope is longer than the
absorbance reading time by a microplate reader. Absorbance
readouts obtained by a microplate reader for multiple wells are
typically less than 1 min, while the image capturing under current
practice is over 10 min. This limitation can be addressed if snapshot
based on-chip imaging techniques are developed, which can image
a large area or even the entire microplate wells in seconds. Overall,
the present study of the DAC-ELISA system opens an avenue in
developing high-performance biomarker assays with high sensi-
tivity, accuracy, and precision, and it holds great potential to fight
diseases.

4. Conclusion

ELISA is the predominant technique in the detection of bio-
markers and the diagnosis of various diseases. Notwithstanding its
ubiquity and numerous advantages, its low sensitivity greatly limits
its application in quantitative detection of low abundant bio-
markers in order to accomplish the earlier diagnosis. To bridge the
gap between the need and availability, an innovative dual ampli-
fication enabled digital-counting based ELISA (DADC-ELISA) was
developed and validated for ultrasensitive detection of biomarkers
usingmouse total IgG as amodel compound. The dual amplification
strategy was accomplished through the combination of tyramide
signal amplification and alkaline phosphatase enabled formation of
fluorescent precipitates, while the rapid counting of fluorescent
precipitates can correlate the number to the concentration of IgG
with a good linearity. Under the optimal conditions, the limit of
detection of the commercial mouse IgG kit (1.56 ng/mL) can be
extended to an impressive limit of detection (LOD) of 54.5 pg/mL.
Recovery tests were further carried out to demonstrate the reli-
ability of the developed method. Due to its compatibility with
conventional plate-based ELISA, the developed dual amplification
strategy opens a new and universal avenue to improve the sensi-
tivity of conventional plate-based ELISA and holds great potential in
achieving ultrasensitive detection of biomarkers on conventional
plate-based ELISA platform.
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