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Abstract 

A rapid and accurate biosensor for detecting disease biomarkers at point-of-care is essential 

for early disease diagnosis and preventing pandemics. CRISPR-Cas12a is a promising recognition 

element for DNA biosensors due to its programmability, specificity, and deoxyribonuclease 

activity initiated in the presence of a biomarker. The current electrochemical CRISPR-Cas12a-

based biosensors utilize the single-stranded DNA (ssDNA) self-assembled on an electrode surface 

and covalently modified with the redox indicator, usually methylene blue (MB). In the presence 

of a biomarker, the nuclease domain is activated and cleaves ssDNA, decreasing the redox 

indicator signal. The covalent attachment of the MB to the ssDNA implies complexity and a higher 

production cost. Alternatively, some redox indicators can noncovalently bind to the ssDNA. 

Although such indicators have been applied for electrochemical nucleic acid detection, their 

potential for electrochemical CRISPR-Cas-based biosensors has not been explored. In this work, 

a ruthenium complex, [Ru(NH3)6]3+, was investigated as a redox indicator non-covalently binding 
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to the ssDNA. Voltammetric studies and the optimization resulted in a simple and robust 

electrochemical method that was tested for deoxyribonuclease I (DNase I) activity detection and 

applied in the CRISPR-Cas12a-based biosensor for viral DNA (HPV-16). The biosensors revealed 

good analytical properties and represent an alternative to reported biosensors for nuclease activity 

requiring a covalent attachment of the redox indicator. Moreover, the developed method offers 

prospects for advancement and can be transformed to operate with other Cas nucleases to detect 

RNA and other analytes.  

 

Keywords: electrochemical biosensor, nuclease activity, Cas12a, DNase I, redox mediator, 

voltammetry. 
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Introduction: 

A rapid and accurate biosensor for the detection of disease biomarkers at point-of-care is 

essential for early disease diagnosis. Electrochemical biosensors for nucleic acid detection have 

become increasingly important in medical diagnostics, environmental monitoring, and other fields 

of applications due to their relative simplicity, low cost, fast response, and miniaturization 

prospects [1,2]. The utilization of CRISPR-Cas (Cluster Regularly Interspaces Short Palindromic 

Repeats – CRISPR-associated) nucleases in electrochemical biosensors offers promising pathways 

for nucleic acid detection due to attractive properties of Cas enzymes, such as programmability, 

high sensitivity, sequence specificity, and others [3–7]. 

The electrochemical biosensors utilizing CRISPR-Cas nucleases, such as Cas12a, Cas13, and 

others, have been applied to detect nucleic acids and other classes of analytes. These biosensors 

employ a signal transduction method based on determining nuclease activity. In electrochemical 

Cas12a-based biosensors (Figure 1a) [8,9], the Cas12a-nuclease is initially programmed by 

binding a crRNA, which is designed to recognize target DNA (tarDNA) due to the protospacer 

adjacent motif (PAM) sequence and the complementary region. When tarDNA is present, its PAM 

sequence is recognized by the Cas12a-crRNA duplex, followed by unwinding the double-stranded 

tarDNA. After separating tarDNA strands, Cas12a-crRNA identifies the complementary region of 

the tarDNA and activates the cis-activity cleaving tarDNA and the trans-nuclease activity. The 

latter results in non-specific cleavage of numerous ssDNA, also called reporter DNA (repDNA), 

self-assembled on a gold electrode surface and covalently modified with the redox indicator 

(Figure 1b). The loss of the redox indicator attached to the electrode surface is proportional to the 

nuclease activity and determined by an electrochemical technique, square wave voltammetry [10]. 
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Figure 1. (a) A simplified scheme of CRISPR-Cas12a cis- and trans-nuclease activities. (b) The 
signal transduction of Cas12a trans-nuclease activity utilizing covalently bound methylene blue 
(MB) redox reporter. (c) The developed signal transduction scheme for nuclease activity detection 
based on non-covalently bound redox reporter, [Ru(NH3)6]3+. 
 
The most widely used redox indicator in electrochemical CRISPR-Cas-based biosensors is 

methylene blue [9]. The covalent DNA modification with this redox indicator requires additional 

repDNA synthesis, purification, and characterization steps that introduce complexity in biosensor 

manufacturing and increase the cost. On the other hand, some redox indicators can non-covalently 

bind to ssDNA immobilized on the electrode surface [11]. Although such redox indicators have 

been studied for the on-electrode hybridization biosensors for DNA and RNA detection, their 

potential for electrochemical CRISPR-Cas-based biosensors has not been explored (Figure 1c). 

Non-covalently bound redox indicators may significantly simplify the biosensor design, lower 

costs, and provide alternative detection and signal amplification pathways. 
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In this work, we studied the properties of a redox indicator, [Ru(NH3)6]3+, on the electrode 

modified with a single-stranded DNA, using square wave and cyclic voltammetry. These studies 

showed approximately 0.12 V difference in the formal potentials for DNA-bound and free 

ruthenium species, which agrees with previous reports [12–14]. After optimizing the parameters, 

the electrochemical signal of DNA-bound ruthenium species can be readily distinguished from the 

free [Ru(NH3)6]3+. The developed electrochemical approach was applied as an electrochemical 

signal transduction method for deoxyribonuclease I (DNase I) activity detection and for Cas12a-

based biosensor for human papillomavirus 16 (HPV-16). 

 

Results and Discussion 

Voltammetric studies of [Ru(NH3)6]3+ using a ssDNA-modified gold electrode. Square wave 

voltammetry was applied to study the electrochemical behavior of [Ru(NH3)6]3+ on a gold 

electrode modified with MCH. The electrochemical studies were performed in 5 mM Tris buffer, 

pH 7.4, containing 50 µM [Ru(NH3)6]3+. The square wave voltammogram revealed a peak at – 

0.18 V (vs. SCE, Figure 2a, black trace). Similar studies were performed using a ssDNA-modified 

gold electrode (Figure 2a, red trace). The square wave voltammogram revealed a previously 

observed signature at -0.18 V (vs. SCE) overlapping with an additional peak at -0.30 V (vs. SCE). 

The presence of two peaks in square wave voltammograms is similar to the response obtained for 

this redox indicator on gold electrodes modified with a double-stranded DNA [12].  

The cyclic voltammetry studies revealed two redox transitions with formal redox potentials 

similar to those observed in square wave voltammograms (Figures S1 and S2; see Supporting 

Information for more details). The peak-to-peak separation and scan rate analysis indicated a 

different nature of the two redox species. The ruthenium complex signal at -0.18 V (vs. SCE) is 
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associated with a freely diffusing species. In contrast, the ruthenium species undergoing redox 

transition at -0.3 V (vs. SCE) represents a metal complex adsorbed on the electrode surface or 

confined within a thin layer adjacent to the electrode surface. Thus, the redox peak observed in 

square wave voltammograms at a higher potential was assigned to the free ruthenium species. In 

contrast, the DNA-bound ruthenium species caused the redox peak at a lower potential, consistent 

with previous chronocoulometry [15,16] and cyclic voltammetry [13,14] studies. 

 

Figure 2. Square wave voltammograms of [Ru(NH3)6]3+ on chemically modified gold 
electrodes and the salt effect. (a) Voltammograms were recorded using gold electrodes modified 
with MCH (black trace) and modified with ssDNA and MCH (red trace) in the presence of 50 µM 
[Ru(NH3)6]3+. (b) Voltammograms were recorded using a gold electrode modified with ssDNA 
and MCH in the presence of 100 µM [Ru(NH3)6]3+ in 5 mM Tris with no NaCl and after addition 
of 10 mM, 20 mM, 30 mM, 40 mM, 50 mM NaCl (5 mL). 
 
 
Optimization of the sensing procedure. To investigate the salt effect, the square wave 

voltammograms were recorded in 5 mM Tris buffer, pH 7.4, containing 100 µM [Ru(NH3)6]3+, 

varying the concentration of NaCl up to 50 mM (Figure 2b). The higher concentration of ruthenium 

complex was chosen to better follow the signal changes due to the salt effect. The peak associated 

with adsorbed ruthenium complex was not observed after the addition of 20 mM NaCl, indicating 

that the electrostatic interactions between positively charged [Ru(NH3)6]3+ and the negatively 
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charged phosphate groups on the ssDNA backbone are disrupted by the electrostatic shielding 

effect. The peak associated with the diffusive [Ru(NH3)6]3+ showed only minor changes when 

increasing salt concentration. The electrostatic attraction between the DNA oligomer and metal 

complex plays a significant role. Further experiments were performed in a 10 mM Tris buffer with 

no NaCl added. 

To find an optimal [Ru(NH3)6]3+ concentration, the square wave voltammograms were 

recorded in 10 mM Tris, pH 7.4, varying the concentration of [Ru(NH3)6]3+ (Figure S3a). At 

concentrations lower than 10 µM, only the peak of the DNA-bound ruthenium complex was 

observed and had a relatively low current magnitude. Two peaks were revealed at higher 

concentrations of [Ru(NH3)6]3+. The peak current of the adsorbed ruthenium complex peak current 

increased drastically, more than 20 times, when using 100 µM [Ru(NH3)6]3+. However, the peak 

current of the diffusive ruthenium complex was increased as well, which may cause difficulties 

when detecting low deoxyribonuclease activities. 

The final optimization aimed at finding conditions to decrease the current of diffusive 

ruthenium complex peak and increase the peak current of an adsorbed ruthenium peak. These 

studies were performed in 50 µM [Ru(NH3)6]3+, 10 mM Tris, pH 7.4. Inspired by a study [12], the 

final optimization was achieved by varying the parameters of the square wave voltammetry, such 

as the pulse amplitude (ΔE), frequency (f), and step potential (Est) (Figure S3b and 3A black trace). 

This revealed that at higher frequencies, the voltammetric response of the diffusive ruthenium 

complex is significantly reduced. At the same time, the peak current observed for an adsorbed 

ruthenium complex increased about ten times was achieved when using a new set of parameters 

(ΔE = 50 mV, f = 30 Hz, Est = 5 mV). 
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The developed approach will be used for the electrochemical sensors detecting an ssDNA 

cleavage activity using square wave voltammetry. It is built upon the understanding provided by 

the extensive studies performed with various DNA-modified electrodes and ruthenium complex 

as a redox indicator in the past several decades. Most previous studies were conducted at ruthenium 

concentrations below 10 µM to suppress the contribution of diffusive redox species (Figure S3a) 

[13]. Notably, the present work shows that higher concentrations of ruthenium complex can be 

successfully applied. Our approach results in a higher current response and minimal contribution 

of a diffusive ruthenium complex, increasing the sensitivity, and may decrease the time required 

to reach the equilibrium for the adsorption of ruthenium complex onto the DNA backbone, making 

the method less prone to the time-dependent effects [17].  

At higher redox indicator concentrations, the voltammetric procedure is performed in the 

solution containing redox indicator due to the parameter’s optimization and significantly different 

redox potential of the adsorbed and diffusive species. In contrast, methylene blue applied as a 

diffusive redox indicator shows no significant potential change. It requires two steps [18]: the 

incubation in the methylene blue solution and transfer to methylene blue free solution for a 

voltammetric measurement where the signal is time-dependent due to the diffusion of the redox 

indicator into the bulk [16,19,20]. Thus, the developed method has essential application 

advantages beneficial for the detection of deoxyribonuclease activity [16]. 

 Detection of DNase I activity. The developed electrochemical approach was applied first to 

detect the DNase I activity. The deviation of DNase I activity is an essential marker for clinical 

and point-of-care diagnostics of several diseases [21]. The lower activity of DNase I results in an 

increased DNA concentration in the blood, which causes autoimmune diseases [22–24]. The 

changes in extracellular DNase I activity are essential biomarkers of tumor progression [25]. 



 9 

The square wave voltammograms were recorded for a ssDNA-modified electrode before and 

after incubating in the solution containing DNase I in the DNase buffer (20 mM Tris buffer pH 

7.4, 5 mM MgCl2). The corresponding voltammograms are shown in Figure 3a. More than 90 % 

of signal loss was observed after incubating an electrode in the solution containing 50 U/mL DNase 

I. The dependence of the signal loss versus DNase I activity was studied, and a linear behavior 

between 1 U/mL and 50 U/mL DNase I was revealed (Figure 3b). Interestingly, slightly negative 

values were observed when no or 0.1 U/mL DNase I was present. This effect may be due to the 

slight desorption of ssDNA or a very low nuclease activity (0.1 U/mL) that makes the ssDNA layer 

less dense and more accessible for the ruthenium complex. As a result, more ruthenium species 

can diffuse inside the DNA layer and bind to the DNA, causing a slight increase in the signal [26]. 

 
Figure 3. DNase I activity measurements using [Ru(NH3)6]3+. (a) Voltammograms were 
recorded using a gold electrode modified with ssDNA and MCH in the presence of 50 µM 
[Ru(NH3)6]3+ before and after incubation in the solution containing 50 U/ml DNase I. (b) Loss of 
the signal of the DNA-bound ruthenium complex versus DNase I activity. Conditions of electrode 
incubation: 20 mM Tris buffer pH 7.4, 5 mM MgCl2 (n=3). Conditions of electrochemical 
measurement: 10 mM Tris, pH 7.4 (5 mL). 
 
The linear range of the developed biosensor is similar to published electrochemical biosensors 

utilizing covalently bound redox indicators (Table S1; see Supporting Information for more 

details)[27,28]. Thus, the covalent modification of ssDNA can be circumvented when using a 
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diffusive redox indicator. The ways to advance the analytical characteristics of the developed 

biosensor are discussed below. 

Cas12a biosensor for DNA detection. The potential of the developed electrochemical 

approach was examined for the Cas12a-based biosensor for HPV-16. The working principle is 

shown in Figure 1c. The Cas12a-crRNA duplex was prepared by mixing Cas12a and crRNA 

containing a region to recognize the PAM sequence and a region complementary to the part of the 

HPV-16 genome (see Supporting Information for more details). The gold electrode modified with 

ssDNA and MCH was investigated in the presence of ruthenium complex before and after one-

hour incubation in the solution containing a Cas12a-crRNA duplex and tarDNA in the “CRISPR 

buffer” (10 mM Tris pH 7.9, 50 mM NaCl, 15 mM MgCl2, and 100 µg/mL BSA) at 37 ºC. 

 

Figure 4. The effect of [Cas12a-crRNA] on the biosensor signal. The dependence of the signal 
loss as a function of [Cas12a-crRNA]. Conditions of incubation: 260 nM tarDNA, 10 mM Tris pH 
7.9, 50 mM NaCl, 15 mM MgCl2, and 100 µg/mL BSA. Conditions of electrochemical 
measurement: 50 µM [Ru(NH3)6]3+, 10 mM Tris, pH 7.4. 
 



 11 

First, the concentration of Cas12a-crRNA duplex was varied in the presence of the double-

stranded tarDNA (Figure 4). The signal loss was observed and increased when higher 

concentrations of Cas12a-crRNA were used. Then, the Cas12a biosensor signals were studied, 

varying the concentration of tarDNA in the presence of a 75 nM Cas12a-crRNA duplex (Figure 

5a). The response changed significantly below 100 nM tarDNA with the lowest measured 

concentration of 0.1 nM tarDNA. 

To further characterize the biosensor, the relative responses were measured for 260 nM 

tarDNA and 260 nM single-stranded tarDNA-16 and tarDNA-16c. tarDNA-16c does not contain 

a PAM sequence, but the complementary regions towards crRNA; tarDNA-16 contains the PAM 

sequence but no complementary region to crRNA (see Supporting Information for more details). 

Importantly, the tarDNA concentration was chosen in the saturation range in order not to be limited 

by the tarDNA. As shown in Figure 5b, the biosensor response is about 1.8 times higher for the 

tarDNA-16c than for the double-stranded tarDNA. The biosensor response towards the 

noncomplementary tarDNA-16 is about 5 times lower than for the tarDNA because of the lack of 

a complementary region, though the PAM sequence is present. Previously[29], the trans nuclease 

of Cas12a-crRNA was studied with double-stranded tarDNA, single-stranded ssDNA, and a 

noncomplementary ssDNA after one-hour incubation at 37 ºC using repRNA bearing a fluorophore 

and a quencher. In the presence of a complementary tarDNA, the repRNA was cleaved and 

generated a fluorimetric signal. Using ssDNA and dsDNA as targets, similar fluorimetric signals 

were observed, and very low signals were observed for non-complementary single-stranded 

tarDNA similar to the developed electrochemical biosensor. 

The dynamic range of the developed biosensor is 0.1 nM to 100 nM tarDNA, which is broader 

than that of the MB-based Cas12a biosensor for HPV-16 (Table S2; see Supporting Information 
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for more details) [10]. The lowest measured concentrations are similar for the developed and MB-

based biosensors. Also, the Cas12a-based biosensors may be affected by the presence of other 

nucleases and require the separation of nucleic acids from proteins. 

 
Figure 5. Cas12a biosensor utilizing a diffusive redox indicator. (a)  The biosensor signal loss 
versus [tarDNA]. (b) Relative responses of the Cas12a biosensor towards tarDNA, the 
complementary ssDNA (tarDNA-16c), and non-complementary ssDNA (tarDNA-16). Conditions 
of electrode incubation: 75 nM Cas12a-crRNA, 260 nm of tarDNA and other DNAs, 10 mM Tris 
pH 7.9, 50 mM NaCl, 15 mM MgCl2, and 100 µg/mL BSA (n=3). Conditions of electrochemical 
measurement: 50 µM [Ru(NH3)6]3+, 10 mM Tris, pH 7.4 (5 mL). 
 

The developed electrochemical signal transduction method allows the circumventing of the 

additional covalent modification of the repDNA with a redox indicator for Cas12a biosensors. The 

sensitivity of the developed biosensors may be significantly advanced by increasing electrode 

surface area using nanomaterials or electrochemical signal amplification, for example, through 

electrocatalysis [30]. Moreover, the developed signal transduction system can be used with various 

CRISPR-Cas nucleases to construct novel biosensors and to study the properties of nucleases. 

 

Conclusions: 



 13 

Electrochemical CRISPR-Cas-based biosensors for nucleic acids are an emerging technology. 

Most Cas-based biosensors are based on the nuclease signal transduction, utilizing an ssDNA self-

assembled on the gold electrode surface and covalently modified with a redox indicator. This study 

introduces a new signal transduction method for nuclease and Cas-based biosensors by applying a 

non-covalently binding redox indicator, a positively charged ruthenium complex. The metal 

complex electrostatically binds to the ssDNA self-assembled on the gold electrode surface. The 

optimization of various parameters allowed us to distinguish and evaluate the signal of the DNA-

bound ruthenium species, which enabled the detection of deoxyribonuclease activity. The 

developed approach showed a potential for DNase I and Cas12a-based biosensors and represents 

a sound alternative to the biosensors utilizing ssDNA covalently modified with a redox indicator, 

usually methylene blue. This may lead to simpler and lower-cost devices. The developed method 

can be transformed to operate with other Cas nucleases to detect RNA and other analytes and used 

to study the properties of various nucleases. 

 

Experimental Section 

Reagents. All commercial reagents were obtained from Sigma-Aldrich and used as received unless 

otherwise noted. Cas12a (Alt-R L.b. Cas12a (Cpf1) Ultra), crRNA, and DNA oligomers were 

purchased from IDT DNA (see Supporting Information for more details). Dinitrogen was 

purchased from Air Liquide America Specialty Gases LLC.  

Apparatus. Electrochemical measurements were performed on CH Instruments Model 620E 

(Austin, USA). Voltammograms were measured in an aqueous buffer solution (10 mM Tris, pH 

7.4) at room temperature (22-23°C) and purged with N2 to remove oxygen if not otherwise noted. 

The conventional three-electrode cell (SVC-2, ALS, Japan) was used with a platinum wire counter 
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electrode, Saturated Calomel Electrode (SCE, ALS, Japan) as a reference electrode, and a gold 

(Au) working electrode (diameter 1.6 mm, BASi, USA). 

Electrode preparation. Gold electrodes were routinely polished with polishing alumina 

suspension (1 µm) for 3 minutes, rinsed with water, sonicated for 2 minutes, polished with alumina 

suspension (0.3 µm), rinsed with water, and sonicated for 10 minutes. After mechanical polishing, 

the electrodes underwent electrochemical polishing in 0.5 M NaOH between -0.35 V to -1.35 V 

for 500 scans (scan rate 2 Vs-1) then in 0.5 M H2SO4 between -0.3 V to 1.7 V for 10 scans (scan 

rate 0.3 Vs-1), then in 0.5 M H2SO4 with 10 mM NaCl between -0.3 V to 1.7 V for 10 scans (scan 

rate 0.3 Vs-1), and finally in 0.1 M H2SO4 between -0.3 V to 1.7 V for 3 scans (scan rate 0.3 Vs-1) 

under air.  

The ssDNA oligomer modified with the thiol group was deprotected. For this, 5 µL of 200 µM 

ssDNA oligomer was mixed with 10 µL of 10 mM tris(2-carboxyethyl)phosphine (TCEP) in water 

for 1 hour at room temperature. Then, 15 µL of reduced ssDNA oligomer were mixed with 1 µL 

of 1 mM with mercaptohexanol (MCH) and 84 µL of the deposition buffer, containing 50 mM 

phosphate buffer, 1 M NaCl, pH 7, resulting in the final 10 µM ssDNA and 10 µM MCH. A freshly 

polished electrode was incubated in this solution overnight at room temperature. The electrode 

was rinsed with 10 mM Tris, 10 mM NaCl, pH 7.4, passivated in 1 mM MCH for 30 minutes, 

rinsed again, and used in studies. 

Procedures for DNase I and Cas12a biosensors. For the DNase I biosensor, electrodes were 

incubated for 1 hour at room temperature in 20 mM Tris, 5 mM MgCl2, and pH 7.4, varying 

concentrations of the DNase I. Then the electrodes were rinsed as described above. 

The Cas12a-crRNA duplex was prepared by mixing 1 µl of 67 µM Cas12a and 0.84 µl of 125 µM 

crRNA for 30 minutes at 37 ºC. Then, the duplex was aliquoted and stored at -20 ºC. For the 
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Cas12a biosensor, electrodes were incubated for 1 hour at 37 ºC in 10 mM Tris pH 7.9, 50 mM 

NaCl, 15 mM MgCl2, and 100 µg/mL BSA in the presence of tarDNA if not stated otherwise. 

Then, the electrodes were rinsed as described above. 
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