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Ensuring safe and accurately labeled food products is crucial for communities worldwide. One significant
concern in food safety is the unintended inclusion of pork in products, which impacts food labeling, religious
dietary practices, legal standards, and public health. Detecting such contamination is challenging due to complex
food processing, requiring advanced methods for accurate identification. A CRISPR/Casl2a-based electro-
chemical biosensor has garnered attention for its rapidity, portability, high sensitivity, and specificity, leveraging
trans-cleavage activity for precise detection. This study utilized a modified electrode, SPCE/Ceria/STV/Biotin-
ssDNA-Methylene Blue (MB), characterized by SEM/EDX and voltammetry methods to examine morphology
and electrochemical behavior. Optimization using the Box-Behnken Design (BBD) yielded ideal conditions: 30
min STV incubation, 1.5 pM probe concentration, 240 min probe incubation, 0.1 % BSA concentration, 30 min
target incubation, and 2 pL target volume. These parameters enabled the development of an ultrasensitive
biosensor with detection and quantification limits of 4 fM and 71 fM, respectively. Operating within a range of
10 nM to 100 fM, the biosensor achieved 1.1 % RSD. This CRISPR-based biosensor successfully detected pig
mtDNA in raw and processed meat samples, achieving a 100.82 % recovery rate for corned samples and
maintaining stability for 14 days. These findings highlight the biosensor’s potential as a rapid, stable, ultra-
sensitive, and ultraspecific alternative for food monitoring. Its robustness makes it particularly suitable for
ensuring the authenticity of animal-derived food products susceptible to counterfeiting.

1. Introduction allow for greater sensitivity and reliability in identifying even trace pork

contamination. Therefore, this study examines the importance of

The authenticity of meat products is a pressing issue for consumers
and regulatory bodies. Economic motives drive some manufacturers to
replace premium meats with cheaper alternatives, often without
declaring on labels. The case of pork is particularly concerning because
the meat can be substituted in products intended for consumers with
allergies and for Muslim or Jewish communities that avoid this meal for
religious reasons. Despite legislation requiring clear labeling of raw
materials, adulteration of meat products with pork remains a concern, as
thermal treatments complicate species identification in processed food.
Detecting mitochondrial DNA (mtDNA) offers a powerful solution
because the high copy number and resilience to processing conditions

* Corresponding authors.

mtDNA detection as an essential tool to address health, ethical, and
regulatory challenges in meat authentication.

DNA-based detection has advantages over protein or fat-based
methods, such as greater resistance to degradation, increased speci-
ficity, and sensitivity [1]. Some advanced nucleic acid-based detection
methods include RT-Evagreen PCR [2], species-specific PCR [3], PCR-
RFLP [4], PCR-Tagman [5], and RT-PCR or qPCR [6]. In these
methods, mtDNA was often used as a target biomarker for pigs because
the cytochrome b gene (CYTB) and D-Loop region of mtDNA were highly
variable, allowing differentiation between species, including pigs [1,7].
However, the PCR method has limitations, such as long analysis times,
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expensive equipment and reagents, and the need for skilled operation
[8]. Electrochemical biosensor offers a promising alternative to tradi-
tional PCR methods for detecting pork mtDNA, because the equipment
provides rapid, cost-effective, and user-friendly solutions with high
specificity and sensitivity, eliminating the need for extensive laboratory
equipment and skilled personnel. By integrating advanced detection
methods, this biosensor can significantly streamline the identification of
species in food products while reducing analysis times and operational
complexities.

In recent times, CRISPR-Cas electrochemical biosensor gained
attention due to the ability to detect nucleic acid with ultra-high sensi-
tivity and selectivity, often without the need for an amplification
method. This system integrates Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) with CRISPR-associated (Cas) proteins to
provide adaptive immunity against foreign elements in bacteria and
archaea [9-11]. The CRISPR/Casl2 system is particularly useful for
developing specific dsDNA or ssDNA as a target. Previous studies have
developed highly sensitive and rapid detection methods for viruses, such
as SARS-CoV-2 using CRISPR-Cas12-based assays, showing the potential
as an in situ diagnostic tool [12]. The system was used in the authen-
tication of halal food and the detection of pathogenic microorganisms,
showing the versatility in various applications [13]. Additionally,
CRISPR-Cas12 was integrated into biosensor for diagnostics, facilitating
the specific and sensitive detection of diverse targets [14]. Advance-
ments in CRISPR-Cas12 technology have resulted in the creation of rapid
and specific detection modules for viruses, such as SARS-CoV-2,
combining robust virus amplification with precise detection capabil-
ities [15]. Furthermore, CRISPR-Casl2 played a significant role in
identifying COVID—19 variants by detecting single nucleotide poly-
morphism mutations in the SARS-CoV-2 spike gene [16]. The system
was also applied to monitor bacteria at the species level in fermentation
processes, showing the utility across various fields [17]. Wu et al. (2021)
showed the success of this method for detecting pig DNA using fluo-
rescence. CRISPR/Cas12a was shown to increase specificity due to cis-
cleavage and trans-cleavage activity [13].

The simplicity of electrochemical biosensor is shown by the use of
screen-printed carbon electrodes (SPCEs), which offer a compact design
featuring all three electrodes integrated into a single, small module.
Furthermore, the disposable nature makes SPCE ideal for single-use
biosensor strips for rapid and quantitative detection [63]. These elec-
trodes can be modified with different materials, such as carbon nano-
tubes, graphene, or metal nanoparticles, to enhance electrochemical
properties and sensitivity [18,19]. SPCE can also be modified with
conductive materials, such as CeO5 (ceria), to enhance sensitivity and
biocompatibility for DNA detection. The use of Ceria modification in
SPCE can increase the electroactive surface area and electron transfer
rate between the electrode and the analyte [20]. Ceria also creates
shorter steps than AuNPs to modify SPCE with a streptavidin (STV)-
biotin system [21]. The SPCE/CeO- has also been reported for detecting
pig DNA with free-label electrochemical biosensor. This component has
a detection, limit, and precision of 0.0303 pg/mL, 4.81 pg/mL, and
98.99 %, respectively [22].

Optimization of key parameters influencing response current is
essential for achieving high sensitivity in detection methodologies. The
Box-Behnken Design (BBD) is a statistical experimental design
commonly used in response surface methodology (RSM) for optimizing
processes. This method examines the effect of multiple variables or pa-
rameters on a response of interest. BBD is a second-order design that
does not include a full factorial or fractional factorial design. This design
is characterized by a three-level factorial for three or more factors, with
points selected from a system arrangement [23]. Furthermore, designs
combine two-level factorial with incomplete block design in a special
manner, ensuring efficiency for optimization studies. BBD also enables
studies to examine the interactions between variables efficiently with a
relatively small number of experimental runs compared to full factorial
design.
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In this study, CeOy was electrodeposited on SPCE using a cyclic
voltammetry (CV) method. The SPCE/CeO2 was immobilized with STV
and a biotin-ssDNA-MB probe through specific binding between STV and
biotin [20]. A complex was formed between CRISPR/Cas12a, gRNA, and
the target. From a previous study, an in-silico study was conducted to
determine the gRNA sequence that could specifically and sensitively
hybridize with the pig mtDNA D-Loop target with an Off-target value of
99.8 [24]. CRISPR/Cas12a recognizes the target via the PAM sequence,
performing cis-cleavage on pig ssDNA and trans-cleavage on the ssDNA-
MB probe on the electrode. A high and low MB signal shows the absence
and presence of pigs, respectively. To achieve optimal detection, pa-
rameters were selected from a literature review [13,25,26] and opti-
mized using the Box-Behnken experimental design. Finally, the
performance of the resulting method is presented, including LOD, LOQ,
RSD, stability, specificity, and %recovery in real samples.

2. Materials and methods
2.1. Chemicals and materials

The materials used in this study were demineralized water (PT Ika-
pharmindo Putramas, Indonesia), nuclease-free water (Promega, USA),
biotinylated ssDNA probe-MB (biotin 5- GGG TTT TTT GGG-3' metilen
blue) (Bioneer, Korea), CRISPR Cas12a (GenScript, USA), gRNA (5- UAA
UUU CUA CUC UUG UAG AU GAU UGU CGU GCC GGA UCA UGA GUU
-3") (Greiner Bio-One, Japan), Target mtDNA (5- CAT GGA ACT CAT
GAT CCG GCA CGA CAA TCC AAA CAA GG —3') (Greiner Bio-One,
Japan), cerium (III) nitrate hexahydrate (Ce(NOs)3.6H20) (Merck,
Germany), potassium ferricyanide (K4[Fe(CN)¢]) (Merck, Germany),
potassium chloride (KCl) (Merck, Germany), phosphate-buffered saline
(PBS) and pH 7.4 (Merck, Germany). Other materials include bovine
serum albumin (BSA) (Merck, Germany), STV (Promega, USA), mag-
nesium chloride hexahydrate (MgCly.6H20) (Merck, Germany), natrium
chloride (NaCl) (Merck, Germany), Tris-Base (Merck, Germany), and Kit
Meat Extraction.

2.2. Instrumentations

The SPCE (Metrohm DropSens, Switzerland) was used as a carbon for
working and auxiliary, and Ag as a reference electrode for the electro-
chemical transducer. The electrochemistry measurements were con-
ducted using a Zimmer & Peacock potentiostat connected to a computer
using PSTrace 5.9 software (Zeamer & Peacock, UK). A scanning elec-
tron microscope (SEM) (Hitachi TM3000, Japan) was used for electrode
surface morphology analysis. Other instruments used include a pH
Meter (Mettler Toledo, USA), mini dry bath (JOANLAB, China), mini
centrifuge MCF-1350 (DIVERS DUTSCHER, Netherlands), and vortex
(IKA, Germany).

2.3. Fabrication of the electrochemical biosensor

The SPCE surface was rinsed with demineralized water and dried at
room temperature. Afterward, 40 pL of cerium nitrate solution 1000
ppm was electrodeposition onto the surface of the SPCE and then run CV
over a range of —0.1 to 1.0 V at a scan rate 0.1 V/s, Egg, 0.02 V, and
number of scans of 15. The SPCE/CeQ, was rinsed with demineralized
water and dried at room temperature before being electrochemically
characterized by differential pulse voltammetry over a potential range
—0.3t0 0.5V at a scan rate 0.008 V/s, Egg, 0.004 with an Ej, 5 0.025 V,
and pulse of 0.05 s. SPCE was also characterized before and after
modification using SEM.

The SPCE/CeQ, was incubated with STV solution for 30 min at 4 °C.
Subsequently, SPCE/CeOy/STV were rinsed with PBS solution pH 7.4
0.01 M. Biotinylated ssDNA probe-MB were incubated for 4 h at 37 °C in
dry incubator, then rinsed with Tris-HCI pH 7.4 0.01 M. After the probe
was successfully immobilized on the surface of the SPCE/CeO; electrode
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with the STV-biotin system, the non-specific binding site on the elec-
trode surface was incubated using 0.1 % BSA solution for 10 min at
25 °C, and then rinsed with PBS solution pH 7.4 0.01 M.

2.4. Pig mtDNA D-loop detection with CRISPR/Cas12 system

A total of 10 pL of 100 nM Cas 12a and 10 uL of 100 nM gRNA were
added, vortexed for 5 min, then centrifuged for 5 min at 1500 rpm.
Duplex Casl2a/gRNA was added with varying target concentrations,
vortexed for 5 min, then centrifuged for 5 min at 1500 rpm. Further-
more, a triplex was added to the electrode and incubated for 30 min at
37 °C in the dry incubator. SPCE was rinsed with 40 pL Tris-HCl 0.01 M
solution pH 7.4 and allowed to dry, then measured by square wave
voltammetry over a potential range — 0.6 to 0.0 V at an Eg, 0.004 V,
amplitude 0.025 V with a frequency 25 Hz using 0.1 M PBS + 0.1 M KCl
electrolyte.

2.5. Determination of optimum conditions from parameters affecting
experiments

Factors, such as STV incubation time, probe DNA concentration,
incubation time of probe DNA, BSA concentration, pig mtDNA incuba-
tion time, and volume of pig mtDNA were selected to be optimized in the
experiment. Each factor was designed at three different levels, namely
lowest (—1), medium (0), and highest (+1), as shown in Table 1. The
response of the measurement results from the experiment was then
processed and the optimum value of each of these factors was deter-
mined using the Box-Behnken experimental design with Jupyter Note-
book software.

2.6. Sample preparation and DNA extraction

Fresh samples of pork, beef, mutton, chicken, duck, and rabbit, as
well as commercially corned pork and corned beef, were purchased from
local markets. Samples were stored at —20 °C until needed for analysis.
For each sample, 25-50 mg of meat was cut into pieces and ground with
pestle and mortar into powder in a pestle and mortar using liquid ni-
trogen. Genomic DNA from all types of meat was extracted using a DNA
Isolation Kit according to the instructions. Animal tissue was added to
Buffer Digestion to lyse all cells, then Buffer PA, isopropanol, and 75 %
ethanol were sequentially added to extract DNA. Finally, the remaining
ethanol was evaporated and the DNA was dissolved in 50 pL HyO.
Extracted DNA was either immediately used for subsequent experiments
or stored at —20 °C.

3. Results and discussion
3.1. Fabrication and characterization of the electrode

Fig. 1la shows the step-by-step modification of the electrode. The
ceria electrodeposition reaction process on the SPCE surface was carried

out with CV method [27]. The oxidation reaction of Ce3 to Ce*t occurs
with the following stages:

Table 1

Optimization factors affecting the experimental conditions.
No. Parameter Level

-1 0 +1

1. STV incubation time 10 min 30 min 50 min
2. probe DNA concentration 0,5 pM 1pM 1,5 uM
3. probe DNA incubation time 120 min 180 min 240 min
4. BSA concentration 1% 0.1% 0.01 %
5. pig mtDNA incubation time 30 min 60 min 90 min
6. pig mtDNA Volume 2 uL 5uL 10 uL
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Ce(OH),*" -Ce0, + 2 H,0 ey

A K4[Fe(CN)g] solution was used as a mediator to test the electrode
changes before and after the modification process. The reduction and
oxidation reactions that occur in K4[Fe(CN)¢] are shown in Egs. (2), (3)
[28].

[Fe(CN) |* +e=[Fe(CN)s|* @

Methylene Blue (MB) was used as a signal tag on ssDNA for final
results of trans-cleavage activity from CRISPR/Cas12a, due to excellent
redox properties [29]. During a reduction reaction at the cathode, MB
was reduced to Leucomethylene Blue (LMB)

MB +2H" + 2¢” =LMB 3

Fig. 1b shows the DPV results for the modification of an SPCE with
ceria (red line). The figure shows that the oxidation peak currents of
K4[Fe(CN)g] using SPCE/ceria are increased generally compared to a
bare electrode (black line). Furthermore, the modification using ceria
was found to increase the current 1.64 times. This is due to an increase in
the conductivity of ceria in the electrode by increasing electron transfer
between the electrode and analyte, compared to bare SPCE. Meanwhile,
ceria was observed using the SEM image shown by the difference with
bare SPCE (SI). This result shows that ceria was successfully incorpo-
rated onto the surface of the electrode through electrodeposition. The
SPCE modified with ceria was further immobilized with STV (blue line).
DPV characterization showed decreased peak current due to inhibition
of electron transfer on the surface of the electrode. A higher resistance of
the electrode was also observed due to large biomolecule immobiliza-
tion, showing a successful immobilization. Meanwhile, the peak shifted
slightly upon surface modification. The observed phenomenon may
arise due to the intercalation of biomolecules during electron transfer,
causing a shift in the potential. Current peaks targeting biomolecules,
such as proteins, may experience conformational alterations during
interaction with electrodes or signal molecules. These variations can
influence the electron-transfer dynamics and consequently result in
shifts in the current signal. Fig. 1c shows the SWV results for the
modification of an SPCE/ceria/STV/ssDNA-MB (blue line). Similarly,
the oxidation peak currents of MB follow a similar concept to those of
K4[Fe(CN)g] but differ in the potential of the oxidation peak. There was
an increase in the peak currents using SPCE/ceria/STV/ssDNA-MB
compared to a bare electrode without MB (red line).

Ceria facilitates the binding of STV to the electrode through strong
interaction with —NHy groups, binding to both STV and thionine.
Additionally, nanoceria reportedly forms bridge bonds with the carboxyl
functional groups of antibodies without the need for additional agents
[20]. The STV biomolecule on the electrode surface can specifically bind
to the ssDNA-MB, which has a biotin end. The STV — biotin interaction is
one of the strongest noncovalent interactions in nature due to high af-
finity [20]. These interactions include hydrogen bonds and van der
Waals forces, which are hydrophobic. The STV — biotin binding is also
similar to the antibody-antigen interaction, functioning as a lock and
key, and occurs through a noncovalent interaction between a protein
and a ligand [20]. Furthermore, ssDNA-MB immobilization leads to an
interaction between STV, biotin, and the ssDNA-MB. The SPCE/Ceria/
STV/ssDNA-MB complex was incubated with a 0.1 % BSA solution to
cover the unmodified active sites on the SPCE surface. This process
prevents any current measurements that could interfere with the
analytical results of the analytes. The successful electrode modification
process was strengthened by characterization using SEM-EDX, as shown
in Fig. S1.

3.2. Optimization parameter with BBD

The electrode fabrication condition was optimized using a BBD
before applying for the detection of the pig mtDNA D-loop target.
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Fig. 1. (a) Step-by-step modification of SPCE and voltammetric characterization result of (b) DPV of bare SPCE, SPCE/ceria, SPCE/ceria-/STV using a redox system
of K4[Fe(CN)¢] in 0.1 M KCI solution (c). SWV of SPCE bare, SPCE/Ceria/STV/ssDNA-MB using MB redox system.

Several parameters including STV incubation time, probe concentration,
probe incubation time, BSA concentration, target incubation time, and
target volume were optimized, as shown in Tables S1 and S2. BBD
consists of 12 experimental sequences from the three levels of parame-
ters, combined with various other parameters to form a cube-like area,
and 3 center points. This serves as an index of the homogeneity of an
experimental sequence. The center points are often placed at the
beginning, middle, and end of the experimental design. Furthermore,
the optimum conditions were determined using various voltammograms
shown in Fig. S2 and are listed in Table S3. The equation explains the
effect of the between the three levels of a parameter on a response, either
positively or negatively.

Based on Fig. 2a and the coefficient of the response function, the
incubation time of STV increased the current generated up to 30 min,
after which further increases in time did not result in significant
changes. This was related to the amount of STV immobilized on the
electrode surface, which then binds to the biotinylated ssDNA-MB.
Additionally, higher probe concentrations and longer incubation times
lead to greater current generation. This phenomenon also suggests a
higher number of probes attached to the electrode. However, consid-
ering the value of the current increase, the concentration and incubation
time were set at 1 pM and 240 min, respectively (Fig. 2b and c). Some
contours are saddle-shaped, showing that the experiment results are not

yet optimal. Lower BSA concentrations also reduce the current, which is
related to the smaller number of BSA molecules compared to ssDNA-MB,
enabling CRISPR to perform optimally during target cutting (Fig. 2d).
Conversely, using a high concentration of BSA produces an irregular
current and can interfere with CRISPR performance during target cut-
ting, leading to higher current. This is due to the size and number of BSA
molecules compared to ssDNA-MB (Fig. 2e). Faster target incubation
times correlate with reduced current output, a phenomenon attributed
to the accelerated target-cutting process, thereby rendering additional
time unnecessary. The target volume relates to the ratio between the
triplex—CRISPR/Cas12a, gRNA, and the target, where the duplex con-
centration between CRISPR/Cas12a and gRNA is at a 1:1 ratio. In this
case, the target concentration needs to be lower to avoid interfering with
duplex formation and ensure CRISPR can function optimally, as shown
in Fig. 2f.

3.3. Target detection using CRISPR/Cas12a system

The voltammogram was recorded using the MB redox system in a
PBS electrolyte with 0.1 M KCl, within a potential range of —0.4 to 0.2 V.
The results show that the peak current drops by approximately 70 % in
the presence of the target, suggesting the activation of CRISPR/Cas12a.
This differential cleavage of ssDNA-MB in active and inactive states
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incubation time (min), X,: probe DNA concentration (1M), X3: probe DNA incubation time (min), X4: BSA concentration (%), Xs: pig mtDNA incubation time (min),

Xe: pig mtDNA Volume (pL).

affects the peak current, as shown in Fig. 3a. The optimized voltam-
mogram results are shown in Fig. 3b. Calibration curves were generated
by varying the concentration of the pig mtDNA target, then the detection
limit and quantification of the CRISPR/Casl2a-based biosensor were
calculated. This experiment followed the procedure for determining the
target response with CRISPR/Casl2a, using optimized parameters.
Various concentrations of pig mtDNA target, namely 10 nM, 1 nM, 100
pM, 10 pM, 1 pM, and 100 fM were tested on the CRISPR/Cas12a-based
biosensor, with each concentration measured three times. The resulting
electrochemical response was measured using SWV, as shown in Fig. 3c.

Peaks were observed for concentration variations ranging from 10
nM to 100 fM, which were then adjusted by subtracting the control
signal to obtain the Al value. This was plotted on the linear regression in

Fig. 4a, with a correlation coefficient (Rz) of 0.9941. The limit of
detection (LOD) was determined to be approximately 4 fM, and the limit
of quantification (LOQ) was 71 fM. The precision test was conducted
using seven measured electrodes resulting in an RSD value of 1.1 %, as
shown in Fig. 4b. Based on these precision results, the repeatability of
this method was concluded to be excellent.

Fig. 5a shows the results of the stability measurement and the test
was carried out with optimized parameters by another study [30]. This
optimization includes using silica gel with air and light-tight conditions
at 4 °C. On the measured electrode, there was a decrease on days 7 and
14 but still within 5-10 %, and a drastic decrease on day 28. Therefore,
the electrode was concluded to be stable at 14 days. Figs. 5b and 6a are
the results of selectivity measurements on various species of raw meat
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samples and mixtures. Selectivity tests were carried out on animal spe-
cies that were considered to be a mixture of pork. Selectivity values for
different raw meat samples were 91.87 %, while for mixed samples, the
lowest detection was carried out up to 0.1 %. This result shows good
selectivity against a mixture of beef and pork. This is due to the use of
gRNA and CRISPR, which are highly selective to the target DNA se-
quences, ensuring that the cutting of ssDNA probes will not occur. In
Fig. 6b, real sample analysis was carried out on processed meat samples,
namely corned beef. The result showed a significant difference between
corned beef and pork, suggesting good selectivity for processed food
detection and the percent recovery value for the real sample was 100.86
%. All voltammograms that correspond with these results are presented
in Fig. S3, and the comparison between this work with other biosensor
for food adulteration is shown in Table 2.

4. Conclusion

In conclusion, ultrasensitive detection of Pig mtDNA D-loop with
CRISPR/Cas12a-based electrochemical biosensor has been successfully

used to detect food adulteration in both raw and processed food samples.
The use of CRISPR/Casl2a enabled more selective and sensitive mea-
surements. The modified SPCE using ceria showed a 1.64 time increase
in current compared to the bare SPCE, with characterization performed
using the voltammetric method and SEM/EDX. The fabricated biosensor
could detect pig mtDNA D-loop, shown by changes in electrochemical
signals. This detection resulted from the main cleavage of the mtDNA
target. This process triggered the trans-cleavage of MB between the
mtDNA target and non-target. The optimized electrochemical biosensor
based on CRISPR/Cas12a showed precision with an RSD value of 1.1 %,
with a limit of detection (LOD) of 4 fM and a 71 fM limit of quantifi-
cation (LOQ). Selectivity values for different raw meat samples were
91.87 %, while for mixed samples, the lowest detection level was 0.1 %
w/w, with a recovery rate of 100.81 % for corned samples. The
biosensor remained stable for up to 14 days. This result showed that
CRISPR/Cas12a can enhance the sensitivity and specificity of biosensor,
holding promise for developing a rapid, ultrasensitive, and portable
method for the detection of food adulteration.
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Table 2
Comparison of the performance of the developed biosensor for pig detection.
Method (target) LOD Linear range Reference
Fluoresence Immunosensor based on 0.031 pg/L 0.75-23.50 [31]
magnetic bioseparation (pig IgG pg/L
antibodies)
Surface plasmon resonance 0.0375 pg/ 0.0375-40 [32]
Immunosensor functionalized cGO-  mL pg/mL
Au nanostars (pig IgG antibodies)
label free electrochemical 0.5 pg/mL 0.5-500 pg/ [33]

immunosensor using SPCE (porcine mL
serum albumin)

Label free and regentless Genosensor 9 % w/w - [34]
using SPCE modified with (pork/beef)
graphene acid (Pig mtDNA CYTB)

Optimized Label-Free 0.135 pg/ 0.5-1.5 pg/ [11

Electrochemical Genosensor using mL mL

SPCE/Au (Pig mtDNA CYTB) 5 % w/w
(pork/beef)

Electrochemical Genosensor using 0.0303 pg/ 5.0-30.0 pg/ [22]
SPCE/cerium (Pig mtDNA CYTB) mL mL

Fluoresence Genosensor based on 2.7 ng/uL 1-10 ng/uL [13]
CRISPR-Cas12 (Pig mtDNA CYTB)

Optimized Electrochemical Biosensor 4 fM 10 nM - 100 This work
based on CRISPR-Cas12a using 0.1 % w/w fM
SPCE/ceria (Pig mtDNA D-loop) (pork/beef)
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