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Abstract 

CRISPR-Cas9 enables curative genome editing but requires precise control of target recognition, 
particularly when single-nucleotide polymorphisms (SNPs) influence specificity. Conventional 
biochemical and optical assays often rely on endpoint or ensemble-averaged measurements and 
therefore fail to resolve the real-time binding dynamics underlying off-target interactions. Here, we 
report a label-free, non-faradaic electrochemical impedance spectroscopy (nfEIS) platform that 
directly monitors spCas9-gRNA interactions on gold microelectrodes with single-base resolution 
at the sickle cell disease (SCD) locus. A guide RNA was designed to perfectly match the SCD 
mutation (A to T) while introducing a single PAM-proximal mismatch with the wild-type DNA 
(WD) sequence. Using 63-nucleotide synthetic DNA substrates representing SCD and WD targets, 
concentration-dependent binding assays were performed to extract equilibrium parameters. Hill-
model analysis revealed higher affinity for the SCD target (kD=0.09 nM) relative to WD (kD=0.3 
nM), confirming strong on-target binding and weakened interaction at the mismatch site. 
Magnesium dependence evaluation showed that 5 mM Mg2+ enhanced discrimination by stabilizing 
on-target complexes while destabilizing mismatched binding, whereas at 1 mM Mg²⁺ this 
selectivity was lost. Time-resolved kinetic measurements using 1 nM spCas9 and exponential 
fitting of the curve revealed rapid association (t1/2=1.85 min) and dissociation rate (t1/2= 5.24 min) 
for SCD, consistent with efficient R-loop formation. In contrast, the WD target exhibited slower 
association (t1/2=2.68 min) and recurring transient binding with delayed dissociation (t1/2=34.38 
min), corroborated by endpoint gel assays. Cas9 lacking gRNA showed only weak, unstable 
interactions. Overall, these results demonstrate that Cas9 specificity arises from both affinity 
differences and binding-residence dynamics. nfEIS thus provides a real-time, label-free platform 
for probing Cas9 fidelity, Mg2+-dependent activation, and gRNA design for therapeutic genome 
editing and diagnostics.
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point mutation, specificity, sensitivity, 

Introduction

Since the advent of CRISPR-Cas9, a Nobel Prize winning technology, genome editing has shifted 
from concept to clinic, offering realistic paths to treat previously intractable genetic diseases 1,2. 
The precision of this system, however, depends on a finely coordinated sequence of molecular 
events at the DNA target site, including PAM engagement, seed-proximal R-loop nucleation, 
stepwise RNA:DNA hybrid propagation, and Mg²⁺-dependent activation of the HNH and RuvC 
nuclease domains. Because each of these steps is energetically coupled, even a single-nucleotide 
polymorphism (SNP) within the target sequence can perturb the overall Cas9 energy landscape by 
altering its binding residence time and the likelihood of productive cleavage3–6. Therefore, a 
mechanistic understanding of these energy barriers is essential for optimizing on-target efficiency 
while minimizing off-target effects. Moreover, recent studies have identified the residence time of 
the Cas9-DNA complex as a critical kinetic determinant that dictates whether a binding event 
proceeds to cleavage or results in premature dissociation, thereby governing both the fidelity and 
efficiency of genome editing7,8. Biochemical and single-molecule analyses have revealed that Cas9 
interrogates its target through a PAM-first recognition mechanism, followed by directional R-loop 
propagation along the protospacer sequence. During this process, Mg²⁺ ions play a dual role: 
stabilizing the catalytically competent conformation and gating the transition from target binding 
to cleavage4,9. Despite these advances, it remains unclear how these sequential molecular events 
manifest as time-resolved binding signatures after binding with the DNA and how cofactors such 
as Mg²⁺ influence the discrimination between perfectly matched and mismatched targets after 
binding with a specific DNA sequence. Bridging this gap requires quantitative approaches that can 
directly capture the dynamics of Cas9-gRNA-DNA interactions in real time and under native 
electrochemical environments.

In this regard, optical and structural methods such as fluorescence labeling, Förster resonance 
energy transfer (FRET), and cryo-EM have mapped key conformational states of Cas9 and 
elucidated aspects of its target search and cleavage cycle. However, these approaches typically rely 
on fluorescent tags, specialized instrumentation, or endpoint imaging, which complicate the direct 
observation of real-time, surface-bound kinetics10–12 (Table S1). By contrast, electronic biosensing 
provides a means to circumvent these limitations by converting molecular binding events into 
electrical signals without the need for optical labels or signal amplification. For example, graphene 
field-effect transistor (gFET) platforms, including CRISPR-Chip, have established label-free, 
amplification-free detection of genomic targets and even single-nucleotide polymorphisms (SNPs) 
13,14. Yet, most of these demonstrations focused on specific sequences (i.e., target vs non-target and 
SNP) detection, offering limited information about the continuous dynamics of biomolecular 
interaction at the interface. Therefore, there remains a critical need to develop label-free, real-time 
methodologies capable of quantitatively resolving the binding dynamics and conformational 
transitions of spCas9 and its cofactors.

To address these challenges, we utilized mediator-free, non-faradaic electrochemical impedance 
spectroscopy (nfEIS) as a real-time, label-free analytical technique to resolve the binding dynamics 
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(e.g., binding affinity, effect of Mg2+, and sequence specific binding kinetics) of spCas9-gRNA 
complexes on DNA-functionalized gold microelectrodes. In this method, frequency-resolved 
impedance spectra capture subtle variations in the electrical double layer and in the dielectric and 
ionic properties of the interfacial biolayer, thereby encoding signatures of binding, conformational 
transitions, and molecular reorganization15. These interfacial processes were modeled using 
minimal equivalent circuits (e.g., 𝑅1-(CPE𝑑𝑙//𝑅p)), which allowed a quantitative extraction of 
apparent affinity, cooperativity, and relaxation kinetics directly from electrical data15,16. Because 
nfEIS operates at low excitation potentials over a broad frequency range, it minimally perturbs the 
intrinsic spCas9-DNA interactions while sensitively detecting charge redistribution and biolayer 
evolution at the electrode interface17. Due to its advantages, nfEIS has been widely applied to 
interrogate biological interactions at electrode interfaces, owing to its sensitivity to changes in 
interfacial capacitance, dielectric properties, and charge distribution arising from biomolecular 
binding. Prior studies have employed nfEIS to investigate protein-DNA interactions, including 
transcription factor binding and sequence-specific nucleic acid recognition, as well as antibody-
antigen interactions and enzymatic processes occurring at functionalized electrode surfaces 18–22.  
nfEIS has been used to quantify binding affinities and kinetic parameters in DNA hybridization 
assays, to resolve antibody-antigen recognition without labels, and to monitor conformational 
rearrangements associated with enzyme-substrate complex formation19–23. In addition, impedance-
based approaches have been applied to study cellular adhesion, membrane remodeling, and protein 
adsorption dynamics, demonstrating the technique’s versatility in probing interfacial biological 
phenomena under physiologically relevant conditions 24–26. Despite these advances, to the best of 
our knowledge, nfEIS has not previously been applied to study CRISPR-Cas systems or to resolve 
the real-time binding dynamics and sequence discrimination behavior of Cas nucleases. The present 
work therefore extends the application space of nfEIS to CRISPR-based genome editing, enabling 
direct, label-free interrogation of Cas9-DNA interactions and their modulation by cofactors such as 
Mg2+. Using specific DNA sequence corresponding to the sickle-cell mutation and its wild-type 
counterpart, which differ by a single base in the PAM-proximal seed region13, we systematically 
examined spCas9 concentration-dependent and time-resolved binding behavior under varying Mg2+ 
concentrations. This unified framework enabled the direct derivation of affinity constants, 
cooperativity factors, and kinetic parameters, linking molecular-scale binding dynamics to 
electrical readouts in real time. Collectively, these results establish nfEIS as a mechanistically 
important platform for analyzing residence-time dependent target sequence recognition and guiding 
the design of high-fidelity CRISPR systems for genome-editing and diagnostic applications.
Experimental

Materials
Acrylic substrate (0.7 mm thickness) for gold electrode fabrication was purchased from Olycraft. 
All the reagents were prepared in UltraPureTM DNase/RNase free distilled water (Invitrogen, 
Waltham, MA, USA). Custom dsDNA oligonucleotides with 5’ disulfide modification (ThiolMC6-
D) were synthesized by IDT technologies (Coralville, IA, USA). The 63-nucleotide length dsDNA 
includes a sickle cell disease specific single point mutation sequence (Hereafter called SCD), and 
wild Type DNA sequence (WD) (See Supplementary Information Table S2)13. SCD specific guide 
RNA for Streptococcus pyogenes-CRISPR associated protein (spCas9) was custom synthesized 
from Synthego. spCas9 was purchased from Aldevron (9212-0.25MG). DNA immobilization 
buffer was prepared with a final concentration of 5.05 mM Tris-HCl, 0.505 M KH2PO4 and 0.25 
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mM TCEP. TCEP was used for reduction of the disulfide bond on the custom oligos. spCas9 
reaction buffer was prepared with 200 uM Tris-HCl, 50 uM MgCl2 (pH 7.5). 
Sensor Fabrication
First, masking tape was fixed to an acrylic sheet and air bubbles were removed by squeezing. A 
three electrode impedimetric sensor was fabricated using Glowforge Plus (40 W CO2 laser cutter 
and engraver) with a speed setting of 450 (~42.5 mm/second) and a power setting of 15 (~6 Watts). 

     

Figure 1: Overview of the nfEIS platform used to resolve CRISPR-Cas9 binding dynamics with 
single-base sensitivity. (A) An image showing an Electrochemical Impedance Analyzer (Hioki) 
connected to the custom-fabricated gold microelectrode sensors used for real-time monitoring of 
spCas9-DNA interactions. (B) Schematic illustrating Nyquist plots change due to binding of 
spCas9-gRNA to surface-immobilized DNA that led to modulation of polarization resistance (Rp), 
as observed in Nyquist plots. On-target binding changes interfacial impedance by forming a stable 
insulating layer , whereas mismatched binding produces altered or reduced Rp changes due to 
unstable or transient complex formation. (C) Conceptual depiction of spCas9-gRNA association 
with the sickle-cell mutant (SCD) sequence versus the single-base mismatched wild-type (WD) 
sequence. The perfectly matched SCD target supports rapid complex formation, efficient R-loop 
propagation, and dissociation. In contrast, the WD mismatch led to dissociative-incompetent state. 

After laser cutting and peeling the tape mask to expose the inner pattern, a 10 nm Chromium metal 
glue layer and 100 nm gold metal were sputter coated27 using a Denton Discovery 635 DC sputter 
coater in Ar gas environment at the process power of 200 W and the process pressure of 2.5 mTorr. 
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The remaining masking tape was peeled off to reveal the electrode pattern. Individual chips were 
cut from the acrylic sheet using a Glowforge Pro laser cutter (speed: 300, power: 100) and cleaned 
for EIS measurement. 

Surface cleaning and Baseline characterization of the sensor
All chips were rinsed five times using ultrapure water, sonicated in ethanol (5 min), rinsed again 
(3x), and dried for further use. Initial EIS spectra were recorded in ultrapure water and then in 0.2 
mM Tris-HCl (0.01x) to verify baseline stability during medium exchange. Only devices exhibiting 
stable baselines and intact continuity proceeded to functionalization (Figure S1).

dsDNA Immobilization and surface passivation
The dsDNA (10 µM) (target, SCD or control, WD) was incubated with  0.25 mMTris(2-
carboxyethyl) phosphine (TCEP) for 30 min at room temperature to reduce disulfide bonds to 
produce the thiol group (Figure 2B),as custom synthesize dsDNA from IDT contain disulfide bond 
(i.e., S-S) to protect free thiol group. A 35 µL droplet of the  dsDNA with freshly generated thiol 
group was placed on the top of the gold working electrode and incubated for 1 h to immobilize the 
DNA. To confirm dsDNA layer formation, EIS measurements were performed by applying 10 mV 
of DC voltage between the working electrode (WE) and reference electrode (RE) with an AC 
frequency range 100 Hz to 200KHz while collecting current between WE and counter electrode 
(CE) using 0.01X Tris-HCl buffer. Following DNA immobilization, L-cysteine (1 mM) was used 
to passivate exposed gold working electrodes, and excess analyte was rinsed using 0.01X Tris-HCl 
buffer and passivation mediated non-faradaic impedance was measured.
 
spCas9 and gRNA Complex preparation and activity assay
To evaluate the effect of varying spCas9-gRNA concentrations (0, 0.1, 1, and 10 nM) on binding 
dynamics, the spCas9-gRNA complex was prepared by mixing Cas9 enzyme and guide RNA in a 
1:1 molar ratio using 0.01× Tris-HCl buffer containing 5 mM MgCl₂. The selected concentration 
of spCas9 ensure that spCas9 remains in the limiting concentration with respect to dsDNA while 
allowing sufficient surface occupancy to generate a reproducible nfEIS signal. Moreover, higher 
spCas9 concentrations (micromolar regime) led to protein crowding and biofouling effects at the 
electrode surface, producing impedance changes unrelated to diffusion-mediated interfacial 
interactions with the substrate even after surface passivation. The selected concentration range 
therefore represents an experimentally optimized compromise that preserves interfacial specificity 
while maintaining measurement fidelity. The mixture was incubated at 37 °C for 30 minutes to 
ensure complete ribonucleoprotein complex formation. Following incubation, 35 μL of the spCas9-
gRNA complex solution was dispensed onto the DNA-functionalized gold microelectrode and 
continuous measurement was performed for 45 minutes at room temperature to measure association 
dynamics of spCas9. After this binding step, the excess solution was gently removed and washed 
five times, and an equal volume (35 μL) of fresh 0.01× Tris-HCl buffer with 5 mM MgCl₂ was 
added to monitor spCas9 interfacial interaction mediated change in polarization resistance. For 
kinetic analysis, 1 nM of spCas9-RNA, and spCas9 only were exposed to SCD and WD 
immobilized sensors and continuous non-faradaic impedance measurement was performed for 30 
min for association response. After 30 minutes of association measurement, excess sample was 
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removed to prevent contributions from bulk solution and loosely bound interfacial interactions. 
Following removal of bulk spCas9, dissociation of spCas9 from the dsDNA-gold electrode 
interface was continuously monitored for 1 hour using measurement buffer  (Figure S3). All 
impedance measurements were conducted using a Hioki impedance analyzer under an applied DC 
bias of 10 mV and a frequency sweep from 100 Hz to 200 kHz. Real impedance (Z), imaginary 
impedance (Z″), parallel capacitance, and phase angle values were continuously recorded using the 
instrument’s software. Nyquist plots were generated by plotting the imaginary impedance (Z″) 
against the real impedance (Z) to evaluate changes in polarization characteristics.  The interfacial 
polarization resistance (Rp) in non-faradaic EIS arising from ion interactions, biomolecular binding, 
and charge realignment at the working electrode is calculated by subtracting the solution resistance 
(Rsol) from the measured interfacial resistance (Rint)17,28. This difference reflects the net change in 
interfacial polarization resistance (Rp), which was used to analyze spCas9 binding, Mg ion effect, 
and spCas9 binding kinetics. Furthermore, we have also assessed the influence of magnesium ion 
concentration, and parallel experiments were performed under identical conditions using 1 mM 
MgCl₂, and the resulting impedance spectra were analyzed following the same procedure.
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. Figure 2: Schematic illustrating the fabrication and operation of the nfEIS chip. (A) Fabrication 
of a three-electrode chip using a laser-cut mask, followed by gold sputtering and final patterning to 
define the electrode layout. The sensor contains a 2 mm-diameter central working electrode with a 
0.7 mm radial spacing between the working, reference, and counter electrodes. (B) showing steps 
for immobilization of thiolated double-stranded DNA (dsDNA) on the gold working electrode 
surface via gold thiol self-assembly and subsequent target recognition and cleavage of the 
immobilized dsDNA by the CRISPR-Cas9-gRNA complex, resulting in measurable changes in the 
electrochemical impedance response. 
Quality control of the chip
All chips were subjected to an initial quality-control (QC) screening prior to surface 
functionalization. QC was based on the impedance response during buffer exchange from deionized 
water to 0.01xTris buffer, which probes the cleanliness, conductivity, and electrochemical stability 
of the gold working electrodes. Chips exhibiting at least an 80% decrease in interfacial polarization 
resistance (Rp) under these conditions were considered to have clean and conductive electrodes and 
were retained for subsequent surface modification steps (see representative response in Figure S1). 
Following dsDNA immobilization and cysteine-based surface passivation, chips were further 
validated by comparing their Rp values to buffer-only control chips processed in parallel. Only chips 
showing a statistically significant change in polarization resistance relative to controls were 
included in downstream binding, kinetic, and Mg2+-dependence measurements (Figure 3B-C). For 
all experimental conditions, data were collected from a minimum of three independently fabricated 
and QC-qualified chips, and results are reported as mean±standard deviation to capture inter-chip 
variability. Moreover, inter-chip variability in sensor response was quantified by calculating the 
coefficient of variation (CV) (n=58), defined as the standard deviation of ΔRp divided by the mean 
ΔRp. Here, ΔRp corresponds to the change in polarization resistance measured during buffer 
exchange from deionized water to 0.01× Tris-HCl buffer. These criteria ensured consistent baseline 
electrochemical behavior across devices while minimizing variability introduced by fabrication 
defects.

Interaction Analysis
Nyquist plots for the spCas reaction and wash steps were used to extract parameters to analyze the 
data, such as the Polarization resistance (Rp) deduced by fitting the data to a Randles circuit using a 
custom code developed in Python (Supporting information). To compare the different treatment 
mediated changes in Rp value, the relative shift in Rp value was plotted against the concentration and 
time. This relative change analysis led to a positive shift (i.e. Rp increasing with respect to baseline) 
and a negative shift (i.e. decrease in Rp value but not representing negative resistance) with 
treatment. These values were then plotted together with the on-target, DNA sequences with SNP, 
and spCas9 only control for comparison. Obtained time dependent Rp value for spCas9-gRNA with 
SCD and WD and spCas9 only (i.e., without gRNA) with SCD plotted and performed Hill equation 
(see below) fit to calculate dissociation constant (kD) and slope of the curve (h) indicating 
cooperativity of the system when h>1 while non-cooperative or unstable when h<1 was used to 
investigate specific spCas9 binding with the target.
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                                                    𝛥𝑅𝑝 = 𝛥𝑅𝑝𝑚𝑎𝑥

1+ 𝑘𝐷
|𝐴|

ℎ                                                                (1)

Here, ∆Rp is polarization resistance at a specific concentration with respect to the initial buffer 
response without spCas9 (i.e., = Rp (spCas9 (specific concentration)- R (zero concentration of 
spCas9), ∆Rp max is the charge transfer maxima, kD is the dissociation constant is concentration at 
half of the Rp response. [A] molar concentration of spCas9.  Therefore, any negative value of ∆Rp 
only indicates a smaller Rp value with respect to the reference (i.e., blank).   The Hill coefficient h 
(typically ranging from 1 to 4 for sigmoidal fitting) reflects the degree of cooperativity in the 
system29. Values between 1 and 4 signify concentration-dependent cooperative interactions, whereas 
values below 1 indicate a lack of cooperativity or the presence of negative cooperativity, as inferred 
from the slope of the fitted curve.
Furthermore, we have used GraphPad prism to fit time dependent change in mean values of Rp 
resistance using exponential function and separately fitted the curve for association and dissociation 
phase to calculate association rate constant (K (min-1)), time constant (τ=1/K), half-life (t1/2=ln(2)/K) 
for initial spCas9 or spCas9-gRNA complex binding and subsequent dissociation phase to further 
investigate binding mechanism:   

                                                    𝑅𝑝(𝑡) = 𝐴𝑒𝐾𝑡 +𝐶                                                            (2)
Here, Rp (t) is the change in polarization resistance at time t (min) with respect to Rp at t=0 min; A 
is the amplitude of the phase, K is the rate constant (m-1), t is time in min, and C is the intercept 
where the reaction is stable. 

Results and Discussion
Sensor Quality control, surface functionalization:
All sensors underwent quality control prior to surface functionalization . Each chip was visually 
inspected for defects, verified for electrode continuity, and assessed for baseline stability during the 
medium exchange from deionized water to the measurement buffer. Only devices exhibiting a 
robust, reproducible decrease of at least 80% in polarization resistance (Rp) during DI to 0.01X Tris 
Buffer transition were selected for dsDNA, and cysteine  conjugation steps (Fig. 3). Furthermore, 
inter-chip variability was quantified by calculating the coefficient of variation (CV) from the change 
in polarization resistance (ΔRp) measured during the deionized water to 0.01× Tris-HCl buffer 
exchange. Across the qualified chips, this analysis yielded a CV of ~26% (n=58), reflecting 
moderate fabrication-dependent variability typical of microfabricated, surface-sensitive 
electrochemical sensors. Importantly, the applied quality-control and selection criteria ensured that 
this variability did not compromise the reproducibility of downstream nfEIS measurements. 
Furthermore, chips were also measured for double layer/biolayer polarization mediated capacitance 
by fitting a Randel circuit (Figure 3A) using Hioki commercial software. The polarization resistance 
R2 (i.e., 𝑅p) decreased significantly after dsDNA attachment and remained lower after cysteine 
blocking (n=3), visible as a smaller semicircle in the Nyquist plot (Figure 3B-C). This reduction is 
attributed to electrostatic interactions of the polyanionic phosphate backbone of DNA and carboxylic 
acid/amine group of the cysteine, which enhances local ionic polarization/screening at the interface 
and thereby facilitates interfacial charge accommodation, even in the absence of a redox mediator.
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Figure 3. (A) Nyquist plot fitted to the Randel circuit, which assumes a solution resistance (R1), 
polarization resistance (R2) and interfacial capacitance due to double layer and/or biomolecular 
interaction (Cp) in Faraday.  (B) Nyquist plot of bare chip in the buffer, after 10 µM of dsDNA 
(Sickle cell specific gene =SCD, and wild type gene=WD), and after passivation of gold working 
electrode using 100 mM of Cysteine. (C) Non-faradaic modulation of polarization resistance due to 
dsDNA conjugation (P=0.007, Bare vs dsDNA) and cysteine (P=0.02, Bare vs Cysteine) showed a 
clear decrease in polarization resistance due to DNA interaction on the gold electrode. For 
comparison of the data N>3 chips data were utilized, and a non-parametric Mann-Whitney test was 
performed. (D) analyzing Cp for dsDNA, and cysteine did not alter the capacitive response of the 
impedimetric sensor when compared with bare chip buffer alone, while polarization was 
significantly reduced. This might be due to the interaction of the charged phosphate group on the 
dsDNA backbone.
In contrast, Parameter trends show that dsDNA immobilization followed by L-cysteine passivation 
did not show measurably change in Cp relative to the bare-chip buffer baseline, consistent with a 
thin, compact molecular layer formation that minimally perturbs the effective double layer (Figure 
3D).

Effect of MgCl2 and Cas9 concentration on the Cas9 binding with the target
Prior to impedance measurements, we verified sequence selectivity with a gel-shift assay (Figure 
4A and Figure S2). Ethidium-bromide-stained gels imaged under UV illumination showed efficient 
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cleavage of the perfectly matched sickle-cell disease (SCD) substrate by the spCas9-gRNA 
ribonucleoprotein (RNP), as evidenced by a pronounced reduction in the full-length double-stranded 
DNA band relative to control lanes (Figure S2). In contrast, reactions containing the seed-
mismatched wild-type (WD) , and non-target dsDNA (RD) showed little to no cleavage under 
identical conditions.  Similarly, the SCD substrate incubated with spCas9 complexed with non-
specific gRNA (RgRNA) samples also retained intense, well-defined full-length bands (Figure 4A 
and Figure S2). These results provide direct biochemical evidence that the spCas9-gRNA RNP 
selectively recognizes and cleaves the SCD target while sparing the WD sequence, demonstrating 
single-nucleotide discrimination under the experimental conditions. Semi-quantitative densitometric 
analysis performed using Fiji (ImageJ) gel analysis macros revealed that the band intensity of the 
SCD substrate was reduced by approximately 33-77% relative to the WD substrate across three 
independent agarose gel experiments (Figure S2A-C). These gel-based measurements consistently 
confirm the high specificity of spCas9 when paired with a perfectly matched guide RNA. However, 
gel-shift or cleavage assays offer only limited insight into the biophysical characteristics of Cas9-
gRNA-DNA interactions in practice. Specifically, such assays do not resolve crucial kinetic 
parameters such as the binding affinity (kD) of the spCas9-gRNA complex for its target sequence, 
the rate of association/cleavage, or whether binding proceeds via a cooperative mechanism. 
Likewise, gel-electrophoresis lacks the temporal resolution to detect subtle but functionally 
important events such as spCas9 binding mediated changes in charge redistribution that may occur 
before cleavage. In real-world genome-editing applications, these kinetic and biophysical features 
are critical because a complex that binds strongly but dissociates slowly, even without cleavage, 
may hinder enzyme turnover, reduce editing efficiency, or elevate off-target risk. Previous studies 
have shown that tight binding and extended residence times of spCas9 on DNA can interfere with 
repair processes and significantly influence editing outcomes1–3,30 Therefore, relying solely on gel-
based readouts may overestimate or underestimate true editing efficiency or mismatch 
discrimination by spCas9, especially within the more complex milieu of a living cell. It follows that 
for practical therapeutic genome editing and specific diagnostics in biological fluids, it is ideal to 
select spCas9-gRNA complexes that either do not bind non-target sequences at all, or if they do 
bind, have very short residence times to minimize unwanted engagements and improve fidelity.

 To overcome these limitations and gain a deeper understanding of the binding affinity, cooperativity 
coefficient, and the Mg²⁺-dependent stabilization of the spCas9-gRNA-DNA complex, we employed 
non-faradaic electrochemical impedance spectroscopy (EIS), a highly sensitive, label-free technique 
capable of probing molecular interactions at the sensor-electrolyte interface in real time. This 
mediator-free approach allows direct observation of dielectric and polarization resistance changes 
associated with complex formation, charge redistribution, and conformational transitions, offering a 
powerful means to evaluate the biophysical properties of Cas9-mediated target recognition. 
It has been reported that Magnesium ions and its concentration play a critical role in stabilizing 
CRISPR-Cas9-DNA complexes and facilitating target recognition31. Therefore, intracellular free 
Mg²⁺ concentrations, depending on cell type and physiological conditions, become important factor 
for gene editing applications32,33. Accordingly, we first examined target recognition at 1 mM of 
Mg2+, a concentration that lies within the upper range of physiologically relevant levels (e.g., typical 
range 0.2 1 mM in Eukaryotes), using mediator-free, non-faradaic electrochemical impedance 
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spectroscopy (nfEIS) on electrodes functionalized with SCD (specific complementary DNA) and 
WD (wobble/mismatch DNA) sequences13. With the RNP complex (spCas9-gRNA) held constant 
at 1 nM, increasing the MgCl₂ concentration from 1 mM to 5 mM resulted in markedly different 
electrochemical responses for the two target types (Figure 4B). On the SCD-functionalized 
electrodes, elevated Mg2+ concentration induced a relative positive shift in polarization resistance 
(Rp), consistent with enhanced  stabilization and compaction of the spCas9-gRNA-DNA interfacial 
complex. In contrast, WD-functionalized electrodes exhibited a distinct and opposing impedance 
response, indicating that Mg²⁺ does not equivalently stabilize mismatched R-loop configurations. 
These divergent behaviors are attributed to mismatch-induced differences in R-loop stability and 
interfacial interaction dynamics. The reduced discrimination observed at 1 mM Mg²⁺ in our nfEIS 
measurements therefore likely reflects a biologically relevant trade-off between binding efficiency 
and target specificity under mammalian intracellular conditions rather than a limitation of the 
sensing platform itself. , Indeed, a prior study also  demonstrated that decreasing Mg²⁺ from 5 mM 
to ≥ 1 mM led to an approximately 17-fold reduction in Cas9 cleavage activity.34. Taken together, 
our results suggest that nfEIS is sensitive to precisely those ionic effects that govern spCas9 
specificity in vivo. Intermediate Mg²⁺ concentrations (e.g., 0.5–2 mM), which bridge mammalian 
and bacterial regimes, are therefore expected to produce a gradual transition between high-
specificity/low-activity and high-activity/low-specificity states, consistent with established spCas9 
kinetic models11,35  (Figure 4B).

Collectively,, these observations suggest that Mg²⁺ modulates the electrostatic and structural 
environment of the spCas9-gRNA-DNA complex in a manner that enhances on-target stabilization 

while limits nonspecific or mismatched binding. Such a finding is particularly significant for 
eukaryotic gene-editing applications, where the intracellular free Mg²⁺ ion concentration is often 
lower than the optimal range (5 mM or more) required for maximal spCas9 activity, in contrast to 
the higher Mg2+ ion levels present in prokaryotic systems, where spCas9 originally evolved34. This 

difference in ionic environment could therefore influence spCas9 target binding efficiency and 
specificity in mammalian cells. Consistent with the interpretation by Egger et al.34 demonstrating 
reduced Mg²⁺ concentration from 5 mM to ≥ 1 mM led to an approximately 17-fold decrease in 
Cas9 (e.g., Geobacillus stearothermophilus Cas9 (GeoCas9))  activity, showing the ion’s dual in 
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catalysis and target discrimination.  

Figure 4. (A) Gel shift/cleavage assay. SCD (perfect match) and WD (seed-region SNP) dsDNA 
substrates (15 µL of 10 µM) were incubated with 100 nM spCas9 or spCas9-gRNA (30 min), 
resolved on a 4% agarose gel, stained with ethidium bromide, and imaged under UV. The spCas9-
gRNA+SCD lane shows a markedly diminished full-length band relative to controls (substrate alone; 
spCas9-gRNA+WD; spCas9 only), confirming selective cleavage of the perfectly matched target. 
Here, SCD (+ - -) = SCD present, but Cas9 and gRNA absent; WD (+ - -) = WD present, but Cas9 
and gRNA absent; Cas9 (+ + -) = SCD and Cas9 present but gRNA absent; SCD (+ + +) = SCD, 
Cas9 and gRNA present; WD (+ + +) = WD, Cas9 and gRNA present. (B) MgCl2 dependence by 
mediator-free EIS. On electrodes functionalized with SCD or WD, 1 nM spCas9-gRNA was applied 
while MgCl₂ was increased from 1 mM to 5 mM. The SCD surface exhibited a relative positive shift 
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in the apparent polarization resistance (nfEIS metric; increase vs baseline), consistent with stabilized 
on-target complex formation. In contrast, the WD surface showed a relative negative shift (decrease 
vs baseline), indicating a lack of stable binding at the mismatch. (In mediator-free EIS, “Rp” denotes 
an apparent polarization resistance from the non-faradaic model; a “negative shift” indicates a 
decrease relative to the buffer baseline.). (C) Dose response of binding. With spCas9-gRNA = 0, 
0.1, 1, 10 nM, SCD (perfect match) produced a concentration-dependent increase in apparent 
polarization resistance, consistent with formation of a denser dielectric biolayer upon specific 
binding. By contrast, WD+spCas9-gRNA and spCas9-only+SCD exhibited weaker, non-specific 
adsorption that dissociated during washes, yielding no sustained increase (often a net decrease) in 
the nfEIS resistance metric. (Means±SEM., n=3 chips per condition.). 

Furthermore, we investigated the role of varying concentrations of the spCas9-gRNA complex in 
the presence of 5 mM MgCl₂ to understand the concentration-dependent binding dynamics on the 
electrode surface. The relative shift in non-faradaic polarization resistance (ΔRp) was measured 
after incubating the sensor with 0-10 nM spCas9-gRNA complex for 45 minutes (Figure 4C). After 
incubation, the electrode surface was rinsed with a measurement buffer to remove loosely bound 
analytes and then subjected to impedance analysis. The resulting nfEIS spectra revealed a clear 
concentration-dependent increase in polarization resistance for the SCD-functionalized surface, 
indicating progressive stabilization of the Cas9-gRNA-DNA complex with increasing RNP 
concentration. Fitting the ΔRp data to the Hill equation yielded an apparent binding affinity (kD) of 
0.09 nM and a Hill coefficient (h) of 1.14, suggesting strong binding and slight positive 
cooperativity. In contrast, measurements on WD (mismatch DNA) and the Cas9-only (no gRNA) 
controls with SCD showed substantially weaker and less specific interactions, with an apparent kD 
more than three times larger than spCas9-gRNA-SCD and h < 1, indicative of non-cooperative or 
negatively cooperative binding behavior (Figure 4C).

The observed sub-nanomolar affinity (kD≈ 0.09 nM) for the spCas9-gRNA complex on the SCD 
surface underscores the tight and specific association between the ribonucleoprotein and its 
perfectly matched target sequence. The sub-nanomolar kD observed for SCD agrees with prior 
biophysical studies reporting tight Cas9-gRNA binding in the 0.1-1 nM range under similar buffer 
conditions1,36,37. Moreover, the affinity values and cooperative behavior reflect the multi-step nature 
of Cas9 target engagement, which involves coordinated transitions such as PAM recognition, DNA 
bending, and R-loop propagation rather than a single-step interaction. The slight positive 
cooperativity observed here is consistent with models in which early conformational transitions 
facilitate subsequent stabilization of the Cas9-gRNA-DNA complex38,39. 

In contrast, we observed weaker binding and non-cooperative behavior (h < 1) on the WD 
conjugated gold surface and with spCas9-only-SCD, which contains a single mismatch in the seed 
region and no gRNA, indicate impaired R-loop propagation and unstable ternary complex 
formation, hindering the formation of the RNA-DNA hybrid and altering conformational activation 
pathways11,36. The decrease in cooperativity (h < 1) suggests that once partial or mismatched 
binding occurs, subsequent molecular rearrangements are less favorable, potentially leading to non-
productive binding. 
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Overall, the non-faradaic impedance approach provided an electrochemical fingerprint of these 
molecular interactions, reflecting changes in interfacial charge distribution that accompany Cas9 
binding, R-loop stabilization, or mismatch-induced dissociation. The increase in Rp observed for the 
SCD-modified surface reflects the formation of a more compact, tightly bound, and less interfacial 
charge layer, consistent with stable Cas9-gRNA-DNA complex formation. In contrast, the smaller 
Rp shift measured for the WD surface suggests higher ionic mobility and a more permeable interface 
due to weaker and less stable binding. These findings are in agreement with the model proposed by 
Aldag et al., which indicates that R-loop stability determines the number and persistence of Cas9-
DNA complexes on fully matched targets, thereby facilitating efficient spCas9 cleavage through 
stronger interactions with the DNA substrate40. To further validate this interpretation, DNase I was 
included as a positive control for nonspecific DNA-binding and enzymatic cleavage activity. In 
contrast to the weak and transient responses observed under spCas9-only conditions, DNase I 
produced a pronounced nfEIS signal, with approximately a two-fold decrease in polarization 
resistance (Rp) observed at enzyme concentrations of 0.01 U mL⁻¹ and 1 U mL-1 (n=2). This distinct 
response reflects DNA binding protein interaction and clearly differentiates nonspecific protein-
DNA binding, thereby confirming the platform’s ability to resolve non-specific versus sequence 
specific spCas9 interfacial dynamics (Figure S1C-D).Analyzing kinetics of Cas9 activity:
We next analyzed the dynamic behavior of spCas9 on surface-immobilized DNA using nfEIS by 
separating the association and dissociation rate and fitting each independently with a single-
exponential model. The association phase was recorded during the first 30 minutes after introducing 
1 nM spCas9-gRNA or spCas9-only. Following initial incubation period, unbound or weakly 
adsorbed protein (i.e., spCas9-gRNA/spCas9) were removed to minimize nonspecific contributions. 
The subsequent evolution of interfacial reorganization and stabilization of protein was  monitored 
for 60 minutes (Figure 5, Table 1). This two-step approach allowed us to independently quantify the 
rate of target recognition and early complex formation and the stability or residence time of the 
bound spCas9 complexes after removal of free protein (see method).
For the perfect-match SCD sequence, the association phase displayed the fastest kinetics among all 
tested conditions (K1 = 0.374 min-1, (time constant (τ)= 2.67 min, Half-life=1.85 min), indicating 
rapid on-target recognition due to perfect match with gRNA. This rapid change in interfacial 
impedance indicates efficient PAM recognition and R-loop initiation on a fully matched target. In 
the interfacial interaction rate analysis (i.e., dissociation/desorption), the SCD complex relaxed with 
a moderate rate (K2 = 0.132 min-1 (time constant (τ)= 7.56 min, Half-life=5.24 min), suggesting that 
the spCas9-gRNA-DNA complex persists long enough to undergo catalytic activation and change 
in structured R-loop but does not remain bound for extended periods on the surface bound DNA. 
When comparing nfEIS methods with single-molecule studies  such as smFRET and  surface based 
methods such as surface plasmon resonance (SPR), it was revealed that  the residence time for Cas9 
range from mins to hours depends on complementarity, DNA length, and interaction forces 4,8,11,36,41–

43. Moreover, the residence times measured for SCD in this study were shorter than those observed 
in optical-tweezers, SPR and smFRET studies. However, this difference is expected because these 
single-molecule and surface based assays typically used long DNA substrates (hundreds to 
thousands of base pairs), which allow Cas9 to undergo target search, 1D sliding, hopping, and 
repeated rebinding processes known to significantly extend observable dwell times36,44,45. In 
contrast, our sensor uses a short (63-nt), immobilized duplex, which eliminates search dynamics and 
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isolates spCas9 activity to only local binding, R-loop formation, and dissociation. Therefore, the 
apparent shorter residence times measured here more accurately reflect the true catalytic lifetime of 
spCas9 once it has already located its target DNA sequence.
In contrast, the single-mismatch WD sequence showed a slower association rate (K1= 0.25 min-1, 
time constant (τ)= 3.85 min, Half-life=2.68 min), indicating that the mismatch reduces the efficiency 
of early R-loop formation (Figure 5B, Table 1). More importantly, the cleavage rate analysis 
revealed a very prolonged relaxation (K2= 0.02 min-1, time constant (τ)= 49.66 min, and Half-life= 
34.38 min. This extended residence time is consistent with a mismatch-stabilized Cas9-DNA 
complex that binds tightly but fails to activate the HNH nuclease domain. In this regard, previous 
smFRET, cryo-EM, and biochemical studies have shown that PAM-proximal mismatches can trap 
Cas9 in a linear or partially zipped R-loop that prevents catalytic alignment while still maintaining 
strong DNA binding4,45,46. Therefore, the WD sequence acts as a kinetic trap, producing a transient 
recurring binding but non-productive complex that remains on the surface more than six times longer 
than the perfectly matched SCD target3.  
Moreover, spCas9 without gRNA showed the weakest and least stable interactions across both 
phases. The association rate (K1= 0.19 min-1, time constant (τ)= 5.25 min, Half-life=3.64 min) was 
slower than both SCD and WD, and the effective lifetime of interfacial interaction rate (K1= 0.005 
min-1, time constant (τ)= 18.84 min) indicated an intermediate lifetime. These values suggest that 
apo-Cas9 binds largely through nonspecific electrostatic interactions with surface DNA rather than 
structured R-loop formation. Therefore, Cas9 lacking gRNA might adopt a conformation that is 
incompatible with productive PAM recognition and unable to form stable R-loops47, Therefore, 
spCas9-only serves as a baseline for nonspecific protein-DNA contacts (Figure 5C, Table 1).
These results show that fitting the association and dissociation phases separately with exponential 
models provides a clear and intuitive view of spCas9 binding dynamics. The perfect-match SCD 
target, which has the strongest equilibrium affinity (kD = 0.09 nM), exhibits fast recognition and a 
moderate residence time, consistent with efficient R-loop formation and dissociation. In contrast, 
the WD mismatch, despite having only a modestly weaker affinity (kD = 0.3 nM), shows slower 
initial binding and a dramatically longer residence time. This behavior indicates that the mismatch 
traps spCas9 in a recurring transient and cleavage-incompetent state, where the enzyme binds but 
cannot complete HNH activation or catalysis. spCas9-only conditions show weak and short-lived 
interactions, confirming that gRNA is required for specific and stable target engagement. Therefore, 
these kinetic and affinity measurements together reveal that Cas9 able to discriminate between the 
SCD and WD sequences is governed not only by binding strength (i.e., 3-fold smaller kD for SCD, 
and differential binding at 5 mM Mg2+) but also by large differences in binding dynamics (Figure 
5), with mismatch sites producing clear difference in Rp values collected using nfEIS. 
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Figure 5: Time-resolved nfEIS of spCas9 association/dissociation. (A) SCD (perfect match): 1 nM 
spCas9-gRNA shows a rapid rise and stable post-wash plateau, consistent with high-affinity, long-
residence binding. (B) WD (seed SNP): Slower association and post-wash decay toward baseline 
due to no stable R-loop formation. (C) Cas9-only with SCD: Transient adsorption that rapidly 
disappears after washing. After Buffer exchange, the dips reflect reversible adsorption/counter-ion 
reorganization. For all the analysis Mean ± SEM, n = 3 was used. Biphasic exponential curve fitting 
was performed (see second phase fit in inset for SCD) and different parameters were extracted to 
understand Cas9 binding dynamics.
Table 1. The table shows the kinetics parameters calculated using exponential curve fitting of the 
association and dissociation part of the curve as described in the methods.
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Overall, nfEIS-based analysis of binding kinetics, residence time, and Mg²⁺-dependent behavior 
provided a quantitative framework for understanding Cas9 specificity and sequence discrimination 
mechanisms. The prolonged residence times observed for mismatched targets are consistent with 
prior studies showing that PAM-proximal mismatches can kinetically trap Cas9 in cleavage-
incompetent conformational states associated with incomplete R-loop formation11,30,35,36,48. 
Mismatch position relative to the PAM is therefore a critical determinant of Cas9 behavior: PAM-
proximal mismatches, particularly within the seed region, strongly perturb R-loop initiation and 
complex stabilization, whereas PAM-distal mismatches are often better tolerated and primarily 
affect cleavage rather than binding affinity36,49–51. As a result, Cas9 exhibits distinct kinetic and 
conformational responses depending on both mismatch position and multiplicity, with kinetic 
trapping near the PAM representing a major contributor to off-target binding in cellular systems.
By enabling direct, quantitative comparison of residence times across different gRNA-target 
combinations, nfEIS provides an experimental basis for identifying gRNA designs or chemical 
modifications that selectively destabilize mismatch-bound complexes while preserving rapid and 
productive on-target binding. In this regard, the present results align closely with earlier findings 
showing that prolonged off-target residence without cleavage has been shown to contribute to 
cellular toxicity and unintended regulatory effects, underscoring the importance of minimizing such 
interactions11,52. Accordingly, gRNA modifications such as truncation of the guide sequence (17-18 
nt instead of 20 nt), introduction of destabilizing nucleotide substitutions, or chemical modifications 
have been shown to selectively reduce off-target binding and residence times while preserving strong 
on-target interactions51,53,54.
Moreover, these findings provide a foundation for integrating nfEIS into high-throughput CRISPR 
guide RNA screening pipelines. In a standard genome-editing workflow, gRNAs are designed and 
synthesized prior to cellular delivery, while functional evaluation typically occurs only after 
electroporation and subsequent pool or clonal analysis. We envision incorporating nfEIS 
immediately following guide synthesis and prior to cell-based editing steps (Figure S4). In this 
format, arrays of independently addressable electrodes functionalized with target and predicted off-
target DNA sequences would enable parallel measurement of binding affinity, association kinetics, 
dissociation behavior, and residence time across large gRNA libraries. Similar multiplexed 
electrochemical platforms have been demonstrated for nucleic acid detection and protein-DNA 

S. No. spCas9-gRNA-SCD spCas9-gRNA-WD spCas9-SCD

Associatio
n

Dissociatio
n

Associatio
n

Dissociation Association Dissociation

K (min-

1)
0.374 0.132 0.25 0.02 0.19 0.005

τ(min]) 2.67 7.56 3.85 49.66 5.25 18.84

Half-life 
(t1/2)

1.85 5.24 2.68 34.38 3.64 unstable
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interaction studies, supporting the feasibility of scaling nfEIS to higher-throughput formats18–20. In 
this context, nfEIS could function as a rapid, label-free prescreening tool to rank candidate guides 
based on kinetic discrimination metrics before advancing to electroporation, pool analysis, clonal 
isolation, and downstream quality control. Such integration would complement, rather than replace, 
established cellular validation workflows in therapeutic genome editing and diagnostic development.
Collectively, these results position nfEIS as both a mechanistic tool for probing Cas9-DNA 
interactions and a complementary platform for guiding rational gRNA design. By linking electrical 
readouts to binding dynamics and residence-time–dependent specificity, nfEIS extends existing 
sequencing- and fluorescence-based approaches and provides a direct, label-free strategy for the 
development of safer and more effective genome-editing system54–56.

Conclusion

Overall, our nfEIS measurements, combined with equilibrium binding analysis and time-dependent 
single-exponential kinetic fitting, revealed clear and informative differences in how spCas9 
interacts with perfectly matched versus mismatched DNA targets and how these interactions 
influence spCas9 binding and dissociation . We found that the perfect-match SCD sequence, which 
exhibits the strongest affinity (kD = 0.09 nM), supports rapid target recognition and a moderate 
residence time consistent with efficient R-loop formation and productive activity. In contrast, the 
WD mismatch, despite having only a slightly weaker affinity (kD = 0.3 nM), shows slower initial 
binding and a markedly prolonged residence time, indicating formation of a transient but recurring 
binding of an incompetent complex that acts as a kinetic trap. Cas9 alone displays only weak, short-
lived interactions, confirming the essential role of gRNA in establishing specific and stable DNA 
binding. Importantly, the concentration of MgCl₂ played a critical role in tuning spCas9’s ability to 
discriminate between SCD and WD. At 5 mM MgCl₂, on-target SCD complexes were stabilized 
while mismatched WD interactions remained unstable, enabling clear single-nucleotide 
discrimination. However, at 1 mM MgCl₂, this discrimination was lost, demonstrating that Mg2+ 
strongly influences both catalytic activation and selectivity of spCas9-gRNA complexes. Together, 
these findings show that spCas9 specificity is governed not only by affinity but also by distinct 
differences in binding kinetics and Mg2+-dependent stabilization of R-loop states. Therefore, nfEIS 
provides a powerful, label-free platform for resolving productive versus nonproductive Cas9-DNA 
interactions and holds significant potential for evaluating gRNA specificity, off-target 
susceptibility, diagnostics and kinetic mechanisms in CRISPR-based genome-editing applications.

Data Availability

All data supporting the conclusions of this study are provided in the article and its Supplementary 
Information (SI). The Manuscript includes detailed methods (device fabrication, surface chemistry, 
and nfEIS acquisition), additional Nyquist spectra, dsDNA and gRNA sequences used in the study 
provided in the SI. Additional materials and datasets are available from the corresponding author 
upon reasonable request.
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Data Availability

All data supporting the conclusions of this study are provided in the article and its Supplementary 
Information (SI). The Manuscript includes detailed methods (device fabrication, surface 
chemistry, and nfEIS acquisition), additional Nyquist spectra, dsDNA and gRNA sequences used 
in the study provided in the SI. Additional materials and datasets are available from the 
corresponding author upon reasonable request.
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