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Abstract: The delaminated MXene (2D MXene) and DNA hydrogel created enormous 
opportunities due to their versatility and ability to be tailored for specific applications. MXene 
offers high aspect ratio morphology and electrical conductivity, while DNA provides stimuli 
responsiveness and specificity in binding to ligands or complementary sequences. This 
synergy makes DNA an ideal actuator when combined with 2D MXenes. Present work makes 
the first effort to combine and exploit them for detecting the thrombin levels; a crucial 
proteolytic enzyme that plays a pivotal role in regulating blood clotting by cleaving fibrinogen 
into fibrin and plays a critical role in bleeding disorders such as Haemophilia and Von 
Willebrand disease. This study introduces a novel hybrid DNA hydrogel by leveraging the 
properties of 2D MXene with a thiol-modified thrombin binding aptamer (TBA) as a crosslinking 
agent. The TBA and its complementary DNA oligos are immobilized on 2D MXene sheets, 
forming a packed hydrogel. Upon thrombin binding, the TBA releases its complementary DNA, 
resulting in a loosened hydrogel and a change in resistance, which is used as a read-out for 
thrombin detection. The concept is successfully demonstrated, achieving 90-92% accuracy in 
detecting thrombin in artificial samples. This robust technique holds promise for biomedical 
sensing devices, allowing customization for the detection of various target molecules using 
specific aptamers. 

Introduction 

DNA based hydrogels has emerged as a powerful tool in the field of biosensing, 
enabling the construction of various devices and systems by leveraging the unique properties 
of DNA1. The remarkable stability, programmability, and self-assembling properties inherent in 
DNA are harnessed in the development of hydrogels, thus establishing DNA as a versatile 
building block at the nanoscale2. Functional DNA motifs, including i-motifs3, A-motifs4, and 
aptamers5, play a pivotal role as intelligent actuators within stimuli-responsive hydrogels. 
These motifs offer unparalleled tunability, allowing for customization according to specific 
applications, and their potential scope is virtually limitless6. Among other DNA motifs, aptamers 
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have emerged as highly valuable recognition elements in the development of sensors, ow
to their outstanding affinity and selectivity towards target molecules7,8. Their ability to b
specifically to a desired target enables aptamers to act as effective molecular switch or trig
in a responsive systems9. Aptamers are short oligonucleotide sequences typically ranging fr
20 to 60 nucleotides, and their specific sequences are identified through a sophistica
process called SELEX (Systematic Evolution of Ligands by Exponential Enrichment)10. Dur
SELEX, a high-affinity DNA sequence is selected from a diverse DNA library through iterat
rounds of enrichment for a specific ligand or target molecule. In recent years, the utilization
aptamers as sensing molecules has experienced a significant surge11. This is prima
attributed to their remarkable sensitivity and lower cost compared to antibodies, making th
highly attractive for various sensing applications8. However, the organic nature of D
imposes limitations on its physical properties, which can restrict its applicability in translat
sensing readouts into tangible forms. Therefore, hybrid DNA hydrogels have been develop
by incorporating DNA into various composites. This approach enables the enhancement
DNA hydrogel properties and expands their range of applications. Hybrid DNA hydrogels w
an inorganic component could expands the capabilities of DNA to further level. DNA hydrog
have already been combined with a wide range of inorganic materials, including meta
nanoparticles12, quantum dots13, 2D nanosheets14, graphene15, and carbon nanotub
(CNTs)16, and more. These materials provide extra dimension of functionality to the D
hydrogel.  

 

Schematic 1. Proposed thrombin detection set-up with MXene-DNA hybrid hydrogel.  

In this work, we have successfully created a novel hybrid DNA hydrogel by combining D
aptamer with MXene (Ti3C2Tx), a revolutionary 2D material. MXenes possess high asp
ratio morphology, high metallic conductivity and hydrophilicity17. We have ingeniously utiliz
DNA aptamer as a crosslinker to facilitate the polymerization of 2D MXene sheets, resulting
a sophisticated and intricate 3D network. Here, MXene plays a crucial role in provid
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electrical conductivity, while the aptamer acts as the target sensing moiety. As a proof of 
concept, we have designed the hybrid hydrogel to effectively detect thrombin levels in blood 
serum samples (Schematic 1) by using thrombin binding aptamer (TBA). The maintenance of 
normal haemostasis is contingent upon a well-regulated system comprising both procoagulant 
and anticoagulant pathways. Any disruption to these intricate processes can result in the loss 
of haemostatic control, leading to the risk of either excessive bleeding or thrombosis18. 
Thrombin levels play a crucial role in bleeding disorders such as Haemophilia and Von 
Willebrand disease. These conditions are significantly affected by the presence of inadequate 
or dysfunctional thrombin, leading to impaired blood clotting and increased bleeding 
tendencies in affected individuals19. Thrombin, a crucial proteolytic enzyme, plays a pivotal role 
in regulating blood clotting by cleaving fibrinogen into fibrin20. The commercially available 
methods to determine the blood levels are ELISA (enzyme-linked immunosorbent assay) 
based21,22. ELISA-based methods involve utilizing primary and secondary antibodies, thus 
incurs high costs and necessitating skilled personnel for test execution. The hydrogel's unique 
properties enable it to serve as a cost effective, sensitive, and efficient platform for thrombin 
detection, holding great promise for potential applications in monitoring blood coagulation 
processes and related medical diagnostics. This system is highly configurable, allows for a 
wide range of potential applications in sensing and other fields.  

Experimental section 

2.1. Materials 

All oligonucleotides (Table S1) at a 0.2 μM synthesis scale with desalting purification 
(HPLC purification in case of labelled ones) were purchased from Sigma-Aldrich (Merck). 
Thrombin (source- Human Plasma), Titanium aluminium carbide 312 (MAX phase) and 
hydrofluoric acid were also purchased from Sigma-Aldrich (Merck). Bovine serum albumin 
(BSA), Acrylamide/Bis-acrylamide (29:1), Ethidium bromide (EtBr), tetramethyl 
ethylenediamine (TEMED), paraformaldehyde and ammonium persulfate, Tris-acetate-EDTA 
(TAE) were purchased from HiMedia. Other salts and acid like MgCl2, NaCl, KCl, HCl, NaOH, 
CH3COONa, CH3COOH, Na2HPO4, and KH2PO4 were purchased from Finar chemicals. 

2.2. Synthesis of MXene (Ti3C2Tx) and delamination into 2D sheets 

The MXene was synthesized using a well-documented hydrofluoric acid (HF) etching 
method17. To start, 0.5 grams of Ti3AlC2 powder was gradually added to 10 ml of 30% HF and 
continuously stirred for 5 hours at room temperature. Following this, the mixture was washed 
with deionized (DI) water using a centrifuge at 3500 rpm until a pH of 6 was reached. The 
resulting sediments were then resuspended and vacuum filtered using a 0.45 µm MCE (mixed 
cellulose ester) filter. The obtained MXene slurry was subsequently dried in a vacuum oven at 
80°C for 24 hours. 
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For the delamination of MXene into separated 2D sheets, 0.2 grams of MXene were 
dispersed in Dimethyl Sulfoxide (DMSO) and left to shake overnight. During this process, 
DMSO infiltrates between the stacked layers of MXene, facilitating separation through 
sonication. The MXene was then washed 3-4 times with DI water to remove any excess 
DMSO. The resulting sediment was resuspended in DI water and sonicated for 6 hours to 
obtain a colloidal solution of delaminated MXene sheets (2D MXene).  

2.3. Immobilization of DNA aptamer and its cDNA on amine functionalize 2D sheets 

0.1 grams of vacuum-dried 2D MXene were dispersed in 10 ml of ethanol and sonicated for 
30 minutes, to ensure a homogeneous dispersion. Following this, 10% APTES was added to 
the solution and shaken for 6 hours23. The solution was then washed 4-5 times with ethanol to 
remove any excess APTES, and the resulting pellet was vacuum dried. 

For DNA immobilization, 5 mg of APTES-functionalized 2D MXene was dispersed in 1 ml of 
PBS (pH 7.2) and sonicated for 5 minutes. Next, 10 µl of Sulfo-MBS solution was added and 
shaken for 30 minutes at room temperature (RT). The mixture was then centrifuged at 10,000 
rpm to remove any excess Sulfo-MBS. The resulting pellet was dispersed in 200 µl of PBS, 
and 10 µl of each Apt1 and Apt2 were added, followed by incubation for 30 minutes at RT. The 
solution was centrifuged again at 10,000 rpm to remove any unbound oligos, and the pellet 
was redispersed in PBS and stored at 4 °C. 

2.4. Characterization  

Electrophoretic Mobility Shift Assay (EMSA): For EMSA, 10% native polyacrylamide gel 
electrophoresis (PAGE) was used. For sample loading, the solution was diluted up to 5 μM 
with buffer (1X TAE) solution then mixed with 1X loading dye and kept it for 3 min to allow the 
dye integration with the DNA completely. The samples were then loaded into the wells and run 
at 10 volts cm-1 for 80 min in 1× TAE running buffer. Finally, the gels were stained with 
ethidium bromide (EtBr), and then scanned using a ‘Bio-Rad ChemiDoc MP’ imaging system. 

UV-Visible (UV-Vis) spectroscopy: Absorption studies were conducted using the ‘Analytik 
Jena Specord 210 Plus’ UV-visible spectrophotometer with a quartz cuvette having a working 
volume of 1 ml. This instrument allowed us to analyze the absorbance properties of the 
samples across the UV-visible spectrum, providing valuable insights into the conversion and 
functionalization of MXene.  

Fourier transform infrared (FT-IR) spectroscopy: FTIR spectra were recorded in the range 
of 4000-450 cm-1 using ‘Perkin Elmer spectrum two’ FT-IR Spectrophotometer. 

Dynamic Light Scattering (DLS): The reduction in size during the conversion from MXene to 
2D MXene sheets was assessed by monitoring the changes in their hydrodynamic size. A 
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quartz cuvette of 1 mL working volume is used with ‘Malvern Panalytical Zetasizer Nano ZS’ 
instrument.  

Field Emission Scanning Electron Microscope (FE-SEM): The morphology of the different 
stages of MXene was analysed using a ‘JEOL, JSM-7900F’ FE-SEM instruments. Powder 
samples of MAX phase and MXene were sprinkled directly on carbon tap. Other samples were 
prepared by drop casting on to silicon wafer substrate. Prior to imaging, platinum was coated 
on the sample through sputtering for 90 s to make the surface conductive. 

Atomic Force Microscope: The morphological characterization of the MXene-DNA hybrid 
hydrogel was performed on ‘MFP-3D Bio-AFM’ (Asylum Research, Oxford Instruments) with 
AC160TS (Olympus) cantilever in tapping mode. For the imaging, 10-20 μL of samples were 
drop-casted on an acid washed glass substrate and dried in vacuum oven. AFM scanning was 
performed with the peak force tapping mode to analyse the surface morphology. 

2.5. Conductivity measurements  

Platinum (Pt) was deposited onto an acid-cleaned glass substrate using a sputtering 
technique (refer to Figure S1). The substrate preparation involved cutting glass slides into 
square shapes (~25 mm) and sequentially washing them with concentrated nitric acid, 
acetone, and deionized (DI) water. A brass mask was employed to print a button circuit 
measuring 10 cm square onto the glass substrate. The conductivity of the solution was 
measured on the platinum (Pt) printed electrode using a digital multimeter ‘Fluke 17B Max 
Digital Multimeter’. 

Results and Discussions 

3.1. Characterization  
3.1.1. Synthesis of MXene and 2D sheets 

HF etching method was employed to synthesize MXene (Ti3C2Tx) from MAX phase 
(Ti3AlC2) and then delaminated the MXene into 2D MXene sheets using DMSO intercalation 
method17. SEM imaging of the various stages clearly demonstrates the successful 
transformation of the MAX phase into MXene and subsequently into MXene 2D sheets, as 
illustrated in Figure 1. Notably, Figure 1b displays the characteristic accordion-like 
morphology, while Figure 1c exhibits a flake-like structure of 2D MXene sheets. EDX 
elemental mapping provides clear evidence of a significant reduction in the aluminium (Al) 
content in MXene (Figure S2), with the percentage decreasing to approximately 1.5% 
compared to the MAX phase, which initially had a composition of around 21%. This 
observation underscores the effectiveness of the HF etching process in efficiently removing 
aluminium from the MAX phase to form MXene. The UV-Vis spectra of the three phases 
showing the characteristic absorbance which is in-line with the previously reported data24. 
Hydrodynamic diameter by dynamic light scattering (DLS) shows a significant decrease in the 
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particle size after delamination of the MXene in to 2D sheets (Figure 1e). The hydrodynam
diameter of MXene was recorded around 450nm while 2D sheets was around 250 nm. T
hydrodynamic diameter measurements revealed that the size of MXene particles w
approximately 450nm, whereas the 2D sheets exhibited a smaller diameter of around 250 nm

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Characterization of MXene formation and it’s delamination into 2D MXene shee
FE-SEM images of (a) MAX phase, (b) MXene and, (c) delaminated 2D MXene sheets. T
upper images are of 10000x zoom and lower images are of higher magnification i.e., 3000
zoom. (d) UV-Vis spectra of MAX phase, MXene and 2D MXene sheets. (e) Hydrodynam
diameters of the MXene and delaminated 2D MXene sheets by dynamic light scattering.      

3.1.2. Aptamer immobilization on 2D MXene sheets 

The 2D MXene sheets were amine (-NH2) functionalize after APTES treatment, and 
DNA aptamer (Apt1) and its complimentary sequence (Apt2) were thiol (-SH) modified at 5’
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(Figure 2a). The -NH2 and -SH groups were covalently bind to each other via Sulfo-M
linker, resulting into aptamer functionalized 2D MXene (Apt-MX). The absorption of UV ligh
260 nm wavelength is notably strong in nucleic acids, primarily attributed to the resonan
structure of their purine and pyrimidine bases25. The immobilization was characterized by U
Vis spectroscopy of the Apt-MX showed a significant peak at 260 nm and absent in bare 
MXene (Figure 2b). In the FTIR spectrum of the 2D MXene-DNA hydrogel, distinct vibrat
peaks emerged, indicating the presence of new molecular interactions in comparison to 
FTIR spectrum of pure 2D MXene (Figure 2c).  

The broad peak at 3400 cm-1 corresponds to the free -OH group, which is noticea
absent or submerged with other peak in 2D MXene-DNA hydrogel, possible due to the APT
binding to the -OH on the surface of 2D MXene26. Additionally, an increased signal at 1640 c
1 is evident in the FTIR spectrum of the 2D MXene-DNA hydrogel, attributed to the surfa
water molecules, including hydroxyl groups in the organic part27,28. Furthermore, a new pe
emerged at 3340 cm-1 (ranging from 3350 to 3310 cm-1). This spectral addition is indicative
a secondary amine, likely a result of the linkage between the free amine of APTES and Su
MBS29. These distinct changes in the FTIR spectrum provide insights into the molecu
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MXene sheets (2D MXene) and aptamer immobilized 2D MXene sheets (2D MXene-DNA).   

3.2. Functionality of thrombin binding aptamer (TBA)  

Figure 3a shows the mobility disparity between two single-stranded DNA (ssDNA) oligos: Apt1 
(21 nucleotides) and Apt2 (21 nucleotides). Both Apt1 and Apt2 have been thiol-modified at 
their 5' ends. As Apt2 is a smaller oligo, it exhibits higher mobility compared to Apt1. The 
bands of both Apt1 and Apt2 appear lighter in shade, which is a result of ethidium bromide 
(EtBr) staining. EtBr is known to preferentially intercalate with double-stranded DNA (dsDNA), 
resulting in lighter bands for single-stranded DNA. While the mixture of Apt1 and Apt2, displays 
even lower mobility and a darker shade, indicating successful hybridization between the two 
oligos. This observation confirms the clear formation of a hybrid duplex between Apt1 and 
Apt2, a crucial outcome for their use as a crosslinker.  

The DNA oligos are immobilized on 2D MXene sheets, creating a cohesive structure. In 
the absence of thrombin, Apt1 (TBA) forms a duplex with Apt2, contributing to the stability of 
the structure. However, when thrombin is introduced, the binding dynamics change. Apt1 
dissociates from Apt2 and undergoes a conformational change, folding into a G-quadruplex 
structure (Figure 3b). This transformation occurs due to the higher affinity of the TBA for 
thrombin, TBA binds to the fibrinogen-recognition site (exosite), with a dissociation 
constant (Kd) of ∼100 nM. Consequently, the effective binding of Apt1 with thrombin leads to 
the disruption of the Apt1-Apt2 hybrid, causing the structure to become unstable. The 
formation of the G-quadruplex structure in Apt1 during thrombin binding alters the interactions 
with Apt2, resulting in the loss of cohesive forces that were initially responsible for maintaining 
the integrity of the MXene sheets. This instability is a crucial step in the process, as it enables 
Apt1 to specifically interact with thrombin and fulfil its intended role in detection.  
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Figure 3. (a) Mobility disparity between the DNA oligos. The Apt2 with lower molecular wei
moving faster than the relatively heavier Apt1, while the dsDNA is heaviest with higher E
intercalating capability. (b) Schematic representation of working of DNA aptamer olig
(Apt1+Apt2) as crosslinker and keep the 2D MXene sheets together. In presence of throm
the Apt1 leaves Apt2 and breaks the crosslinking, thus act as an actuator.  

3.3. Effect of thrombin on the hybrid MXene-DNA hydrogel  

The hybrid hydrogel has been ingeniously designed to achieve strong bonding betwe
the 2D MXene sheets through Watson-Crick complementary base pairing (H-bonding) of 
immobilized DNA fragments (Apt1 and Apt2). This unique arrangement results in a dens
packed hydrogel where electroconductive MXene sheets remains in close proximity with ea
other, leading to high current density or lower resistivity. However, when thrombin molecu
are introduced, a fascinating change occurs. The presence of thrombin causes Apt1 to bre
its H-bonding with Apt2 and instead bind with thrombin, forming a G-Quadruplex structure 
shown in Figure 3b). This transformation alters the hydrogel's morphology and properties. T
FE-SEM images of the MXene-DNA composition reveal a dense and intricate structure wh
2D MXene sheets appear interconnected. On the other hand, in the presence of thrombin, 
same composition exhibits a different behaviour, with discrete 2D MXene sheets observ
(Figure 4). This structural change reflects the specific binding of thrombin with Apt1 and
influence on the overall arrangement of the hybrid hydrogel.    
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Figure 4. FE-SEM images of the MXene-DNA hydrogel with and without thrombin at differ
magnification i.e., 5000x, 10000x and 30000x. The upper row shows the hydrogel's struct
before the introduction of thrombin, where 2D MXene sheets exhibit a network-
arrangement. At 30,000x magnification, three or more 2D MXene sheets can be observed
close proximity and interconnected, forming a continuous network. On the other hand, 
lower row displays the hydrogel after thrombin addition, revealing discrete islands of 
MXene sheets. The presence of discrete islands indicates the absence of crosslinki
suggesting a structural change induced by thrombin. 

3.4. Thrombin level detection 

The 2D sheets of MXene are known to possess electrical conductivity when combin
with organic matter or polymer. In a study conducted by An et al. in 2018, they demonstra
the electrical conductivity of 2D MXene when integrated with nylon fibres. Specifically, th
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diode (LED) bulb illuminated30. Researches have shown the capability of MXene-polymer 
complex as stretchable and bendable conductive polymer to detect the motion or movement in 
the body31,32. It is known from electrochemical impedance spectroscopy data that the 3D 
structure of MXene hydrogel facilitate better conductivity then the MXene powder26.   

Figure 5. (a) Schematic representation of the workflow of the thrombin detection system. 
Addition of a sample containing thrombin to the MXene-DNA hydrogel will lead to a specific 
resistance after applying on to the Pt printed button circuit. (b) Digital photograph of Pt printed 
button circuit on glass substrate by sputtering technique. (c) Digital photograph of the bras 
mask used for printing the button circuit on glass substrate. (The scale is in cm)    

Here in this study, the developed system intended to measure the blood thrombin levels 
by isolating the serum from the blood. The thrombin containing blood serum will induce the 
physical changes while adding it to the MXene-DNA hydrogel, which could be measured by a 
multimeter in terms of resistance (Figure 5a). The physical structural changes in the 
developed MXene-DNA composite resulted in a change in resistance when introduced with the 
target molecule, which is thrombin in this case. To facilitate the resistance measurement of the 
MXene-DNA hydrogel, we employed a Pt printed glass electrode, as shown in Figure 5b. 
Specifically, we used a laser-printed mask made of brass to create a specific button circuit with 
an area of 1 cm2 (Figure 5c). The Pt electrode was applied on glass slide using the sputtering 
technique to form the button circuit (as shown in Figure S1). It is important to note that the 
printed circuit remains open and does not allow any current flow until a conductive liquid is 
dropped onto it. This conductive liquid is the MXene-DNA hydrogel containing the blood 
serum. The presence of thrombin in the serum induces structural changes in the MXene-DNA 
composite, leading to altered resistance. By measuring the resistance changes in the hydrogel 
using the Pt printed glass electrode and multimeter setup, we effectively gauge the thrombin 
levels in the blood serum.  

To determine the thrombin levels in unknown samples, we conducted resistance 
measurements using four known concentrations and subsequently plotted a calibration curve. 
In a healthy individual, the normal blood thrombin levels typically range from 50 to 100 mg/L33. 
To establish the calibration curve, we utilized concentrations of 10, 50, 100, and 200 mg/L of 
human blood thrombin (Figure 6b). These known concentrations served as reference points 
for relating resistance values to thrombin levels in the subsequent measurements of unknown 
samples. The calibration curve allows us to quantitatively assess the thrombin content in the 
unknown sample. Upon fitting a linear regression to the four-point calibration data, we obtained 
an R-squared value (coefficient of determination) of approximately 0.988. Although this value 
is not considered ideal, it still allows us to obtain reliable primary results. The R-squared value 
of 0.988 indicates that the linear regression model captures a significant amount of the 
variation in the data, providing a reasonably good fit for estimating thrombin concentrations 
within the tested range. Providing a reasonably good fit for estimating thrombin concentrations 
within the tested range and a limit of detection (LOD) of 0.1698 mg/L and a resolution of 6.51 
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mg/L. During our experimentation, we analysed an artificial sample with an unknown throm
concentration of 60 mg/L. Using the calibration curve, we previously constructed, 
calculated the thrombin level in the sample to be 68 mg/L. This result indicates a deviation
8-10% from the expected concentration, providing valuable insights into the accuracy a
reliability of our calibration curve for thrombin detection.  

Moreover, in order to assess the system's specificity towards thrombin, we conduc
experiments using bovine serum albumin (BSA), a widely recognized model prote
Interestingly, our findings revealed no significant change in the resistance of the 2D MXe
DNA hydrogel when exposed to BSA. This outcome serves as a clear indication that 
developed system exclusively responds to thrombin, reinforcing its selectivity and specifi
towards this target analyte. To demonstrate the robustness and versatility of the approach
similar hybrid hydrogel was developed for the detection of ampicillin in water sampl
Ampicillin is a widely used antibiotic from the penicillin class of medicine, which could 
hazardous to human health if inappropriately used34. An increase in resistance was observ
with increasing concentrations of ampicillin, indicating response to the target molecule wit
calculated LOD for ampicillin of 0.1155 mg/L and a resolution of 0.0597 mg/L. Additiona
when tested with tetracycline, the hybrid hydrogel showed specificity for ampicillin o
tetracycline (Figure S3).  

 

Figure 6. Detection of thrombin concentration. (a) Calibration curve from the differ
concentrations of thrombin. (Linear regression fit in red line) (b) Bar graph of resistance va
observed from different concentration of thrombin and BSA. 60*= artificial sample of 60 m
concentration. 

Conclusions 

In this study, we have demonstrated a novel hybrid hydrogel by harnessing the uniq
properties of DNA and MXene materials. The DNA aptamer and its partially complement
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oligo were successfully immobilized onto 2D MXene sheets, leading to the development of a 
well-characterized MXene-DNA hybrid hydrogel. We employed various analytical techniques, 
including UV-Vis spectroscopy, FT-IR spectroscopy, DLS and FE-SEM, to thoroughly 
characterize the hydrogel's formation. The DNA fragments acted as crosslinkers, facilitating 
the binding of 2D MXene sheets in a compact 3D network within the hydrogel. However, upon 
introducing thrombin, the crosslinkers underwent conformational changes, resulting in a 
loosening of the hydrogel structure. This physical transformation in the hydrogel was 
ingeniously utilized to create a thrombin detection system. The specific changes in morphology 
triggered by the presence of thrombin led to alterations in the resistivity of the MXene-DNA 
complex. Our developed detection system exhibited the ability to analyze different 
concentrations of thrombin in artificial samples with an acceptable deviation of 8-10%. The 
sensitivity of the multimeter used may account for this variation. Furthermore, the system 
demonstrated specificity towards its target, thrombin, as evidenced by its negligible response 
to BSA. 

Overall, this work establishes a proof-of-concept for a potential electronic device that 
can precisely sense a target analyte. This system's versatility shines through the potential to 
adapt it for virtually any molecule or disease biomarker by modifying the aptamer. The 
combination of MXene and DNA in the form of a hybrid hydrogel opens up exciting 
opportunities for various sensing and biomedical applications, where specific conformational 
changes can be harnessed to develop sensitive and selective detection systems.   
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