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Abstract: Here we report the development of a method for the 
electrochemical ultrasensitive detection of antibodies that couples the 
programmability and versatility of DNA-based systems with the 
sensitivity provided by enzymatic amplification. The platform, termed 
Enzyme-Linked DNA Displacement (ELIDIS), is based on the use of 
antigen-DNA conjugates that, upon the bivalent binding of a specific 
target antibody, induce the release of an enzyme-DNA hybrid strand 
from a preformed duplex. Such enzyme-DNA hybrid strand can then 
be electrochemically detected with a disposable electrode with high 
sensitivity. We applied ELIDIS to demonstrate the sensitive (limit of 
detection in the picomolar range), specific and multiplexed detection 
of five different antibodies including three clinically relevant ones. 
ELIDIS is also rapid (it only requires two reaction steps), works well in 
complex media (serum) and is cost-effective. A direct comparison with 
a commercial ELISA kit for the detection of Cetuximab demonstrates 
the promising features of ELIDIS as a point-of-care platform for 
antibodies detection. 

Introduction 

Detection of IgG and IgM antibodies plays a critical role in 
the diagnosis of a variety of human diseases, providing 
information not only about current and past infection but also 
about disease progression and clinical outcomes.[1,2] Antibodies 
are also gaining importance as therapeutics for autoimmune 
diseases and cancer. Their detection and monitoring can thus 
inform on therapy efficacy and dose optimization.[3,4] Due to the 
low concentration (low nM to pM) at which antibodies are 
commonly found in clinical samples,[5,6] methods for antibody 
detection must be not only specific and selective but also highly 
sensitive.[7,8] The enzyme-linked immunosorbent assay (ELISA), 
probably the most widely used approach for antibody detection,[9] 
uses enzymatic amplification as a way to achieve very low limits 
of detection.[10] However, this approach has the disadvantage of 
requiring reagent-intensive processes and multiple wash and 
reaction steps[11] which result in relatively high costs and limit the 
applicability of this method at the point of care.[12,13] 
Radioimmunoassay (RIA), another highly sensitive method for 
antibody detection, uses radioactively labelled antigens to provide 
information on antigen/antibody binding. However, this approach 
is also not without limitation as it requires the use and disposal of 
radioactive material, has cross-reactivity with matrix components 
and inter-batch variability.[14] 

In an effort to develop analytical platforms for antibody 
detection that are suitable for the point of care, we and other 
research groups have recently demonstrated several approaches 
that take advantage of the programmability and versatility of 
synthetic DNA to build nanoscale antibody-responsive 
devices.[15–22] In these systems, synthetic DNA strands are used 
as molecular scaffolds to conjugate recognition elements (i.e. 
antigens) and signaling tags and are rationally designed to 
provide a signal when the target antibody binds to the antigens.[23] 
In the last 10 years, several sensors using antigen-conjugated 
DNA strands and different sensing strategies (such as binding-
induced conformational change, co-localization and steric 
hindrance) have been described.[24-27] The advantages of such 
DNA-based systems include their great versatility and 
programmability. Indeed, by simply changing the recognition 
elements conjugated to the synthetic DNA strands, it is possible 
to recognize, in principle, any target antibody. Also, the 
programmability of DNA-DNA interactions along with the ability to 
use different orthogonal signal labels (both fluorescent and 
electrochemical) allows multiplexed detection of different 
antibodies in the same solution.[28-31] These detection platforms 
are also characterized by high specificity, fast response time and 
slow-cost. Despite the above advantages, however, all these 
approaches based on the use of antigen-conjugated DNA strands 
share a common limitation: due to the direct nature of the assays 
and the inherent instrumental limitations, the lowest antibody 
concentrations (limit of detection) that can be measured by these 
approaches is inevitably higher than those obtained by other 
indirect techniques such as ELISA. This important limitation 
ultimately impacts the potential use of these DNA-based 
platforms as point-of-care devices. 

In response to the above considerations, we propose here 
a two-step assay, termed Enzyme-Linked DNA Displacement 
(ELIDIS) assay, that combines the programmability and versatility 
of antibody-responsive DNA-based systems with the sensitivity of 
enzyme amplification (Figure 1). In the first step (antibody-
responsive reaction) we use antigen-conjugated DNA strands that 
induce the release of an enzyme-DNA hybrid strand from a 
preformed duplex complex upon the recognition of a specific 
target antibody (Figure 1, top). In the second step (amplification 
reaction), the reaction solution is transferred to an electrode 
surface so that the enzyme-DNA hybrid output strand can 
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hybridize with a complementary strand immobilized on the 
electrode surface and provide a measurable current signal in the 
presence of the enzymatic substrate (Figure 1, bottom). We 
demonstrate here that this approach enables ultrasensitive 
detection of multiple antibodies in a rapid and specific manner.  

 

Figure 1. Scheme of the two reaction steps of ELIDIS assay. Step 1: Antibody-
responsive reaction. The reaction employs two antigen-conjugated DNA strands 
that hybridize only in the presence of a target antibody. The formed complex is 
able to induce a strand displacement reaction that releases an enzyme-DNA 
hybrid strand from a pre-hybridized duplex. Step 2: Amplification reaction. The 
reaction solution of step 1 is transferred to the surface of a gold screen printed 
disposable electrode modified with a DNA capture strand complementary to the 
enzyme-DNA hybrid strand. After hybridization and addition of the substrate, the 
product generated by the enzymatic reaction is measured using 
chronoamperometry. 

Results and Discussion 

To optimize ELIDIS assay described above, we first 
characterized the two reaction steps separately. For the 
amplification step, we first selected Glucose Oxidase (GOx) as 
enzyme to be conjugated to the DNA output strand. We chose 
GOx because of its stability, high turnover rate and its wide use in 
electrochemical biosensor technology.[32] For conjugation, we 
used a 30-nt DNA strand modified with dibenzocyclooctin (DBCO), 
which can be covalently conjugated to GOx via a crosslinker with 
a primary amine-reactive NHS group (Figure 2a). After the 
conjugation reaction, the enzyme-DNA hybrid was purified by ion 
exchange chromatography (Figure 2a, Figure S1). We then 
characterized the enzymatic amplification reaction by 
electrochemical measurements. For this purpose, we added 
increasing concentrations (from 10-15 to 10-6 M) of the GOx-DNA 
hybrid conjugate to a gold screen-printed disposable electrode 
modified with a complementary capture strand (Figure 2b). After 
an incubation step, we added glucose (200 mM) and measured 
the H2O2 produced using chronoamperometry (Figure 2c). We 
observed a concentration-dependent increase in the measured 
current with a K1/2 (defined here as the GOx-DNA hybrid 
concentration at which the observed signal change is half of the 
maximum change) of 1.2 ± 0.3 x 10-12 M (Figure 2d). Control 
experiments, using electrodes modified with a non-specific 
capture strand or with mercaptohexanol alone produced a signal 
indistinguishable from the background signal even at saturating 

concentrations of the GOx-DNA hybrid strand (10-7 M) (see red 
and green dots respectively in Figure 2d).  

 

Figure 2. Characterization of the amplification reaction. a) Conjugation of 
Glucose Oxidase (GOx) to a DBCO-DNA strand and ion-exchange 
chromatography showing purification of the conjugate (see also Figure S1 for 
identification of the peaks). b) Schematic of electrochemical detection of the 
GOx-DNA hybrid strand. c) Chronoamperograms at different concentrations of 
the GOx-DNA hybrid strand. d) Plot showing the difference between the current 
signals obtained in the presence and absence of GOx-DNA hybrid strand vs 
concentration of the GOx-DNA hybrid strand. Signals from control experiments 
using an electrode without a capture strand (red dot) and with a non-specific 
capture strand (green dot) are also shown. Details of the conjugation reaction 
can be found in the experimental section. Amplification reaction experiments 
were performed by adding a 10 µL solution (150 mM NaCl, 50 mM NaH2PO4, 
pH 7.0) containing different concentrations of the GOx-DNA hybrid strand on 
the surface of the working electrode. After 30 minutes of incubation at 25 °C the 
electrodes were washed and 50 µL of glucose (200 mM) was added to the 
electrode surface. After 10 minutes a potential of 0.6 V was applied, and the 
current was measured continuously for 60 s. The signal for each concentration 
corresponds to the average intensity of the last 10 s of the measurement. The 
experimental values and error bars in this and the following figures represent 
the average and standard deviation of three independent measurements with 
three different electrodes. 

Next, we proceeded to characterize the antibody-responsive 
reaction (step 1 in Figure 1). In this case, the reaction is based on 
the antibody-induced hybridization between two antigen-
conjugated DNA strands. The formed complex is capable of 
triggering a strand displacement reaction that releases the GOx-
DNA hybrid strand from a preformed duplex. To optimize this step, 
it is crucial to find the optimal conditions under which hybridization 
between the two antigen-conjugated DNA strands occurs only 
upon bivalent binding of the target antibody. To this end, we first 
used the small molecule digoxigenin (Dig) and the antibody anti-
Dig as antigen and target antibody, respectively (Figure 3a). We 
then synthesized a series of Dig-conjugated DNA strands with 
complementary domains of different lengths. We tested lengths 
from 0 to 14 bases corresponding to estimated values of 
hybridization free energy from 0 to -23 kcal mol-1, respectively. For 
each set of Dig-conjugated strands, we performed the reaction in 
the absence and presence of a fixed concentration of anti-Dig 
antibody (10-8 M) and measured the electrochemical signal 
generated by the GOx-DNA output strand on a disposable 
electrode as described previously (Figure 3b). As expected, Dig-
conjugated strands with short complementary portions (<4 
nucleotides) yield low signals in both the absence and presence 
of anti-Dig antibody. With longer complementary portions (>8 
nucleotides) we observe higher background signals as the two 
antigen-conjugated strands tend to hybridize spontaneously even 
in the absence of the target antibody. A complementary domain 
of 6 nucleotides provides the highest signal change in the 
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presence of the antibody and was therefore selected for future 
experiments. Using these Dig-conjugated DNA strands and 
previously described amplification step, we tested increasing 
concentrations (from 10-15 to 10-6 M) of anti-Dig antibody. In this 
way, we obtained a dose-response curve with a dynamic range 
(defined as the concentration range in which we obtain signals 
between 10% and 90% of the maximum signal) between 3 x 10-13 
and 3 x 10-11 M of anti-Dig antibody with a detection limit (LOD) 
(defined as the concentration that reaches a signal three standard 
deviations above a blank) of 1 x 10-12 M and an average RSD% 
of 11 % (Figure 3c,d). The observed current saturation signal in 
these conditions is smaller compared to that obtained from direct 
hybridization of the GOx-DNA strand (see Figure 2c-d, Figure S2). 
This difference is likely due to the fact that the antibody-
responsive reaction is not 100% efficient as the same target 
antibody can bind to two antigen-conjugated strands thus not 
providing any signal. ELIDIS works well also in complex media. 
To demonstrate this, we performed the reaction step (step 1) in 
80% bovine serum and we obtained similar results in terms of 
dynamic range (between 4 x 10-13 and 2 x 10-11 M), K1/2 (3 ± 1 x 
10-12 M), LOD (1 x 10-12 M). We note here that a recently reported 
antibody-responsive strand displacement reaction coupled with 
electrochemical detection without an enzymatic amplification (the 
output strand binds to a redox-reporter modified complementary 
strand immobilized on a disposable electrode) provides poorer 
sensitivity (LOD in the nM range) and requires longer assay 
time[29] thus demonstrating the crucial role of the enzymatic 
amplification step to achieve the high sensitivity displayed by 
ELIDIS.  

The platform is also highly specific: we did not observe any 
measurable signal in control experiments using only one Dig-
conjugated DNA strand (#1 and #2, Figure 3e) or both strands 
unconjugated (#3, Figure 3e). We also observe no signal using 
anti-Dig Fab fragments (instead of intact anti-Dig antibodies), 
which was expected due to the monovalent nature of the Fab 
fragments (#4, Figure 3e). Furthermore, when we added 
saturating concentrations of non-specific antibodies, we recorded 
signals that were indistinguishable from background (Figure 3f). 

ELIDIS is easily adaptable to the detection of different target 
antibodies by simply changing the recognition element 
conjugated to the DNA strands. To demonstrate this, we 
engineered an antibody-responsive DNA strand displacement 
reaction for the detection of anti-DNP antibodies (Figure S3a). 
This platform showed concentration-dependent current signals 
(Figure S3b) that allowed detection of anti-DNP antibodies in 80% 
bovine serum with a dynamic range (between 3 x 10-13 and 2 x 10-

11 M), sensitivity (K1/2= 3 ± 1 x 10-12 M; LOD = 3 x 10-12 M) (Figure 
S3c) and specificity (Figure S3d) comparable to those observed 
with anti-Dig antibodies. 

 
Figure 3. Optimization of the antibody-responsive reaction. a) Schematic of 
anti-Dig responsive strand displacement reaction. b) Differences in current 
signals obtained in the presence and absence of anti-Dig antibodies using Dig-
conjugated DNA strands with variable length of complementary portions 
(estimated hybridization free energy values using mfold web server at 25 °C, 
[Na+] = 0.15 M and [Dig-conjugated strand] = 160 nM is also shown). c) 
Chronoamperograms obtained in the absence and presence of anti-Dig 
antibodies (10 nM) using Dig-conjugated DNA strands with 6-nt complementary 
portions. d) Current vs anti-Dig antibodies concentration in buffer solution and 
serum (80%). e) Current values obtained at saturating concentration (100 nM) 
of anti-Dig antibodies and anti-Dig Fab Fragment for different control 
experiments. f) Current values obtained at saturating concentration (100 nM) of 
anti-Dig antibodies and other non-specific antibodies. The reaction was 
performed at 25°C in a 10 µL buffer solution (150 mM NaCl, 50 mM NaH2PO4, 
pH 7.0) or 80% of bovine serum containing the pre-hybridized DNA duplex (100 
nM), the antigen-conjugated DNA strands (160 nM each) and the Anti-Dig 
antibody. After 30 minutes the solution was transferred to the electrode surface 
for the amplification reaction (see legend of Figure 2 for the experimental 
conditions of this step).  

ELIDIS can also be adapted to a modular version in which 
the antigen-conjugated strands hybridize with the DNA strands 
responsible for the strand displacement reaction (Figure 4a). This 
modular approach allows the use of more complex recognition 
elements (i.e., peptide epitopes, proteins, etc.). For example, 
using this modular version of ELIDIS, we measured two different 
monoclonal antibodies directly in serum: the anti-MUC (Figure 4b) 
antibody and Cetuximab (Figure 4c). For anti-MUC antibody, we 
used as antigen a peptide (15 amino acids) excised from the 
MUC1 protein (MUC peptide). For Cetuximab we used the entire 
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EGFR protein as antigen. The same approach can also be used 
to detect a bi-specific antibody (Figure 4d). In this case, we used 
a bispecific antibody re-engineered to contain one binding site 
that binds the EGFR protein and the other that targets MUC1 
protein.  For this target antibody we then used two different 
antigen-conjugated strands conjugated to EGFR and the MUC 
peptide (Figure 4d, bottom). For all these modular ELIDIS 
platforms, we achieved sensitivities and specificities comparable 
to their non-modular counterpart, with LOD values in the 
picomolar range (i.e., LOD Anti-MUC Ab = 2 x 10-12 M; LOD 
Cetuximab = 1 x 10-12 M; LOD Bispecific Ab = 4 x 10-13 M) and 
average RSD% ˂12% (Figure 4). 

Figure 4. Ultrasensitive electrochemical detection of antibodies by the modular 
ELIDIS assay. a) General scheme of the modular ELIDIS assay.  Panels b-d 
show the elements used (left), the dose-response curves (middle) and the 
specificity results (right) for the detection of anti-MUC antibody, c) Cetuximab 
and d) a bispecific antibody. Experiments were performed in a 10 µL solution 
containing 80% bovine serum and the pre-hybridized DNA duplex (100 nM), the 
antigen-DNA strands (160 nM each), and the elements for each antibody 
detection: MUC peptide-PNA (320 nM), EGFR-DNA (160 nM) or MUC peptide-
PNA and EGFR-DNA for anti-MUC, Cetuximab and the bi-specific antibody 
respectively. The DNA strands and the target antibody were allowed to react for 
30 minutes at RT and then transferred to the disposable electrode for the 
amplification reaction (see legend of Figure 2 for experimental conditions of the 
amplification). 

For a better analytical characterization of the developed 
ELIDIS platform, we compared the analytical performance with 
that of a commercial ELISA kit. For this purpose, we selected the 
modular ELIDIS assay for the detection of Cetuximab. ELIDIS 
provides better sensitivity (LOD of the ELISA kit = 6 x 10-10 M) with 

fewer experimental steps and comparable overall assay time 
(Figure 5a-b, Table S1). We also examined the recoveries of 
spiked blank serum samples for different Cetuximab 
concentrations (from 10-12 to 10-7 M) using ELIDIS platform and 
the commercial ELISA assay (Figure 5c). We observe 
comparable recoveries between ELISA and ELIDIS in the 
concentration range between 10-8 and 10-7 M. It is noteworthy that 
the ELISA kit does not provide quantitative information below 10-

9 M, whereas ELIDIS remains sensitive even at a concentration of 
10-12 M.  

 

Figure 5: Comparison between ELIDIS and a commercial ELISA kit for the 
detection of Cetuximab. a) General scheme of the steps and time required for 
the two assays. b) Dose-response curves obtained with the GOx-DNA platform 
(brown) and the ELISA kit (grey). c) Recovery values of Cetuximab obtained by 
spiking blank serum samples with known concentrations of Cetuximab (from 10-
12 to 10-7 M) determined using the GOx-DNA platform (brown) and the ELISA kit 
(grey). Experimental details of the GOx-DNA platform can be found in the 
legend of Figure 4. The ELISA kit was performed according to the 
manufacturer’s instructions (see supplementary information for details). 
Statistical analysis was performed with Prism GraphPad 9vs using two-tailed 
unpaired Student’s t test, and the p-value ranges are indicated with black 
asterisks (** = 0.001–0.01, ns= non-significant). 

ELIDIS can be easily multiplexed and allows simultaneous 
detection of multiple antibodies in the same sample. To 
demonstrate this, we rationally designed two different antibody-
responsive DNA strand displacement reactions (with different 
DNA sequences), each of which responding to a specific antibody 
(anti-Dig and Cetuximab). Thus, each reaction releases a specific 
GOx-DNA strand in the presence of the target antibody. We then 
used a disposable electrode that has the same reference and 
counter electrode but presents two different working electrodes, 
each modified with a capture probe specific for each GOx-DNA 
output strand. We mixed the two ELIDIS systems in the same tube 
and challenged them with different combinations of the two target 
antibodies and then transferred the solution to the electrode 
surface for measurement (Figure 6a). As expected, each sensor 
produced a measurable current signal for its specific antibody with 
minimal cross-reactivity (Figure 6b). 
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Figure 6: Dual detection of two different antibodies in the same sample using 
ELIDIS assay. a) Schematic of multiplex detection of anti-Dig antibodies and 
Cetuximab using two orthogonal antibody-induced DNA strand displacement 
reactions in the same sample. b) Current signals obtained with solutions 
containing different combinations of the two antibodies. Experiments were 
performed at 25 °C in a 20 μL solution containing each of the GOx-DNA 
duplexes (100 nM each), the antigen-conjugated strands (160 nM each), the 
EGFR-DNA strand (180 nM) and the indicated antibodies (100 nM). After 
addition of the antibodies, the solution was allowed to react at 25 °C for 30 
minutes and then transferred to the electrode surface for the amplification 
reaction (see legend of Figure 2 for experimental conditions of the amplification). 
 
Conclusion 

Here we have presented an electrochemical assay, termed 
ELIDIS, for ultrasensitive detection of specific antibodies that 
combines the programmability and versatility of antibody-
responsive DNA-based devices with those of enzymatic 
amplification. More specifically, ELIDIS is a two-step assay that 
uses antigen-conjugated DNA strands and enzyme-DNA hybrids 
for the electrochemical detection of multiple target antibodies. The 
platform provides detection limits in the pM range, is specific (no 
signal is observed in the presence of non-targeted antibodies), 
and works well also in 80% of serum. A direct comparison with a 
commercial ELISA kit shows that ELIDIS is competitive in terms 
of sensitivity, assay time, cost, and simplicity of reaction steps 
(scheme S1). It was not possible to directly compare our approach 
with chemiluminescence assay (CLEIA) as no commercial kits 
were available for the same target antibodies we tested here. 
Despite this, considering the reported sensitivities for similar 
protein targets[33,34] it is likely that CLEIA can provide a slightly 
better sensitivity than ELIDIS.   
ELIDIS is also versatile: we demonstrated detection of five 
different antibodies, including a bispecific antibody, by simply 
changing the recognition element conjugated to the DNA strand. 
Finally, the platform can be easily multiplexed by using different 
antibody-responsive reactions, with different DNA sequences 
rationally design employing computer-aided design[35-37] and 
commercially available disposable electrodes modified with 
different capture strands. Thanks to the above properties, we 
believe that the use of modified synthetic DNA strands in 
combination with enzymatic amplification and electrochemical 
detection can open a new avenue for the development of highly 
sensitive platforms for antibody detection. 

Supporting Information  

Material and methods, sequences of nucleic acids and figures can 
be found in the Supporting Information.  
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