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Abstract 

Laser-scribed graphene (LSG) electrodes have gained significant interest due to the ease in 

fabrication, surface modification, and potential to develop various types of electrochemical 

sensors and biosensors. In these studies, a new type of zinc ferrite nanoparticles (ZnFe2O4 NPs) 

modified LSG electrochemical sensing system comprising LSG-ZnFe2O4 working electrode, 

LSG reference, and LSG counter electrode on a single polyimide substrate is presented. LSG-

ZnFe2O4 electrodes are fabricated by drop-casting a solution of ZnFe2O4 NPs onto the LSG 

electrode, which gave a 31% enhancement of sensitivity and electrocatalytic activity compared 

to the bare LSG electrode. LSG-ZnFe2O4 electrochemical aptasensor for acute myocardial 

infarction (AMI) screening is developed by detecting the cardiac Troponin-I (cTn-I) biomarker. 

The results show that the developed aptasensor could detect a broad concentration range of cTn-I 

with a limit of detection of 0.001 ng/mL and a sensitivity of 19.32 (±0.25)  µA/(ng/mL). In 

addition to this, LSG-ZnFe2O4-aptasensor shows higher selectivity towards the detection of cTn-

I and negligible cross-reactivity with other interfering biomolecules. Finally, it is demonstrated 

that LSG-ZnFe2O4-aptasensor can easily detect different concentrations of cTn-I spiked in 

human serum samples. These results show that the LSG-ZnFe2O4-aptasensor is a promising 

diagnostic tool to monitor cTn-I and could be a potential candidate to develop point-of-care 

devices for cTn-I biomarker detection and various other disease biomarkers in the future. 

 

 

Keywords: Laser-scribed graphene; Electrochemical aptasensor; Cardiac Troponin-I (cTn-I); 

Binary transition metal oxides, Acute myocardial infarction; Disease biomarker 
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1. Introduction  

Ischemic heart disease or acute myocardial infarction (AMI) is a significant cause of death 

worldwide [1]. Fast, accurate, inexpensive, and portable devices for detecting AMI and 

immediate treatment are essential to prevent heart ischemia and increase patient survival rate [2]. 

The most critical clinically validated biomarker for the detection of AMI is the Troponin 

complex, which contains three regulatory proteins that are cardiac Troponin-I (cTn-I), cardiac 

Troponin-T (cTn-T), and cardiac Troponin-C (cTn-C) [3]. Among these proteins, cTn-I and cTn-

T are more sensitive towards myocardial cell damage and, hence, widely used in AMI's clinical 

diagnosis [2]. Therefore, simple, easy-to-use biosensors that can detect cTn-I in the clinically 

relevant range and have the potential to be integrated into point-of-care (POC) settings could be 

useful for efficient monitoring of cTn-I and improve the patient recovery outcomes. Several 

biosensors using electrochemical, optical, and acoustic-wave-based transduction techniques have 

been demonstrated to detect cTn-I [4]. In the case of electrochemical aptasensors, different 

aptasensors have been reported to detect cTn-I using various types of nanomaterials modified 

electrodes [5, 6]. In most cases, nanomaterials were used to modify conventional electrodes such 

as glassy carbon electrode (GCE), gold disk electrode, screen-printed gold electrode (SPAuE), 

and screen-printed carbon electrode (SPCE) and then further used for the detection of cTn-I [6-

10].  

 

Aptamers are becoming increasingly popular for various applications such as diagnostics, 

therapeutic development, and research and development purposes due to their high binding 

affinity or specificity, reusability, small size, and ease of modification [11]. The electrochemistry 

community took great interest in aptamers' applications after the first report of the 

electrochemical aptamer-based biosensor (aptasensor) to detect thrombin in 2004 [12, 13]. Since 

then, electrochemical aptasensors have been widely explored in clinical diagnostics for POC 

testing of disease biomarkers [14, 15]. In addition to different sensor platforms for aptasensor 

fabrication, graphene/graphene oxide decorated with different nanomaterials have also been used 

to fabricate various aptasensors [16-18]. In the case of electrochemical graphene-based 

aptasensors, most commonly macro electrodes (GCE, for example) were modified with the 

graphene decorated with metal or metal oxide nanoparticles to improve the sensitivity of 
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aptasensors [18-22]. Although these electrodes demonstrated highly sensitive and selective 

detection of analytes using the aptasensors, these cannot be employed for the POC testing of 

disease biomarkers due to the larger size of the electrochemical system consisting of external 

reference and counter electrodes.  

 

Laser-scribed graphene (LSG) or laser-derived graphene is an innovative and versatile 

material that offers excellent opportunities to develop various electrochemical sensors and 

biosensors for food industry applications, environmental monitoring, and clinical diagnostics 

[23]. The production of electrochemical sensors and biosensors using LSG technology is 

attractive due to the mask-free patterning of electrodes by direct laser irradiation on a solid or 

flexible substrate, good electrical conductivity, mechanical stability, efficient transport of 

electrolyte ions and electrons, and 3D printed electrodes with porous graphene structures [23, 

24]. Various precursor materials were used for the fabrication of LSG electrodes such as 

polymers (polyimide, for example) [25, 26], graphite oxide film [27], nanomaterials and binders 

dispersed with graphene oxide [28, 29], carbon nanospheres [30], coal [31], and lignin [32]. 

Ghanam et al. [33] reported that LSG electrodes exhibit higher electrocatalytic activity compared 

to the most commonly used SPCE and GCE electrodes.  

 

LSG surface modification with nanomaterials is an attractive method to create various LSG 

electrodes with an increase in electrocatalytic activity and a higher electroactive surface area 

[23]. Several nanomaterials such as platinum [34], CuO [35], Fe2O3/multi-walled carbon 

nanotubes (MWCNTs) [36], and MXene/Prussian blue [32] have been recently used for the 

surface modification of LSG and biosensors applications. So far, fewer LSG-based aptasensors 

have been reported [37, 38]. Fenzel et al. [37] reported an LSG-based aptasensor to detect 

coagulation factor thrombin. Although these studies showed the first report about LSG 

aptasensors, however in these studies, standard Ag/AgCl and Pt wire were used as reference and 

counter electrodes, which require a large redox probe volume to measure the sensor response. 

Thus, nanomaterials modified LSG electrodes with all three electrodes, i.e., working, reference, 

and counter printed on the same substrate, could be useful as a potential platform for developing 

POC devices.  
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Binary transition metal oxides (BTMOs) are heterostructured transition metal oxides and offer 

several advantages over single metal oxides. Because of the synergistic effect of oxides, BTMOs 

able to provide a broadened potential window, higher conductivity, more active sites, and better 

stability, which are vital to improving the performance of a sensor. Spinel ferrites (MFe2O4, M = 

Zn, Ni, Co, and Cd) are a class of BTMOs. Apart from their exceptional magnetic properties, 

spinel ferrites (MFe2O4, M = Zn, Ni, Co, and Cd) such as ZnFe2O4 are also popular in offering 

richer redox reaction electrochemistry, demonstrating potential applications of ZnFe2O4 in the 

field of photocatalysis, batteries, and chemical sensors [39-41]. The mutual affinity of the Zn 

surface and sulfur is well-known [42, 43], and Zn oxide surface can accommodate an abundant 

amount of biomolecules such as aptamers by forming Zn-S bonds. The ZnFe2O4 can form Fe-S 

bonds; such bonds are well-recognized in Fe-S clusters. The Fe-S clusters are widely occurring 

in biological systems as components of electron transfer proteins [44]. The interaction of 

ZnFe2O4 with aptamer through Zn-S and Fe-S types of bonding can form a highly stabilized 

biomimetic electron transfer bonding pathway. As a result, the ZnFe2O4 material is expected to 

efficiently shuttle the electron transfer between the electrode surface and active sites of aptamers, 

which would amplify the electrochemical signal and improve sensitivity.  

 

Herein, for the first time, ZnFe2O4 Nanoparticles (NPs) modified LSG based electrochemical 

aptasensor to detect cTn-I is reported (Fig. 1). Low-cost earth-abundant material (ZnFe2O4) is 

used to modify the flexible LSG working electrode surface, which involves rapid one-step 

synthesis of the material and a simple electrode fabrication procedure compared to complicated 

modification steps for the conventional electrodes. The surface of LSG electrodes was modified 

with ZnFe2O4 NPs using a simple drop-casting method. Due to the modification of LSG 

electrodes with ZnFe2O4 NPs, a higher electron transfer rate was obtained compared to LSG 

alone. The electrochemical biosensing system reported in these studies does not require an 

external Ag/AgCl reference electrode and platinum counter electrode to detect cTn-I. The 

electrochemical biosensing system consists of an aptamer modified electrode as a working 

electrode, LSG reference, and LSG counter electrodes on a single flexible polyimide substrate. 

The ZnFe2O4 NPs modified LSG aptasensor showed higher sensitivity and selectivity for 

detecting cTn-I in the presence of other interfering biomolecules and serum samples spiked with 

cTn-I. A wide range of interfering molecules are tested to detect cTn-I compared to different 
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cTn-I sensors reported in the literature. Our results demonstrate that the newly developed 

electrochemical biosensing system could be potentially integrated with POC devices to detect 

cTn-I and other biomarkers in the future. 

 

 

 

 

Fig. 1. Schematic illustration of the ZnFe2O4 modified LSG-based cTn-I aptasensor. (A, B) 

Fabrication of LSG electrodes using laser-scribing method and modification with ZnFe2O4 by 

drop-casting to prepare LSG/ZnFe2O4 electrode. (C) A mixture of thiol-modified DNA aptamer 

specific to cTn-I and mercaptohexanol (MCH) was immobilized onto the electrode surface. 

MCH helps in the proper folding of the DNA aptamer. (D) Incubation of BSA solution for 45 

min to reduce non-specific adsorption. (E) Different concentrations of cTn-I solution were 

incubated onto the cTn-I aptasensor. (F) The electrochemical signal was measured before and 

after the binding of cTn-I from (D) and (E). Due to the attachment of cTn-I, the diffusion of the 

redox probe to the electrode surface was hindered, resulting in the decrease in the peak current 

values and directly correlated with the amount of cTn-I molecules attached to the aptasensors 

surface. 
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2. Materials and methods 

2.1. Chemicals and instrumentation 

Thiol modified Anti-cTn-I DNA aptamer: [ThiC6] CGTGCAGTACGCCAACCT TTCTCATGCG 

CTGCCCCTCTTA (Tro4) [45] was purchased from Sigma Aldrich. Mercaptohexanol (MCH), zinc 

nitrate hexahydrate (Zn (NO3)2·6H2O), cholesterol, glucose, iron nitrate nonahydrate (Fe (NO3)3·9H2O), 

and human serum were purchased from Sigma Aldrich. cTn-I, cardiac troponin C (cTn-C), and 

myoglobin were purchased from Abcam. potassium ferricyanide (K3[Fe(CN)6]), potassium 

ferrocyanide (K4[Fe(CN)6]), and potassium chloride (KCl) were purchased from MP 

Biomedicals. All chemicals used in the experiments were of analytical grade and used as 

received without further purification. The phosphate-buffered saline (PBS) tablets were 

purchased from Fisher BioReagents, which gives PBS with pH 7.4 solution containing 0.0027 M 

potassium chloride (KCl) and 0.137 M sodium chloride (NaCl). Ultrapure water (resistivity, 

18.2 MΩ cm) from a Milli-Q® water purification system (Merck KGaA, Darmstadt, Germany) 

was used in all experiments. A commercial polyimide (PI) substrate (Kapton Width:12”) was 

purchased from Utech Products, USA, and used as a substrate for the fabrication of LSG 

electrodes. Zeiss Merlin and Teneo VS field emission scanning electron microscopes (SEM) 

operated at 5 kV were used for the morphological characterization of the surface of LSG and 

LSG electrodes modified with ZnFe2O4 NPs. XRD measurements were performed using 

Bruker’s X-ray diffraction D2 system. Energy-dispersive X-ray spectroscopy (EDS) mapping 

studies were performed using HORIBA EMAX X-ACT (Sensor + 24 V=16 W, resolution at 5.9 

keV). All electrochemical experiments were performed using a multiEmStat3-PalmSens 

electrochemical workstation connected to a computer and controlled by MultiTrace software.  

 

2.2. LSG fabrication 

LSG electrodes were fabricated using a previously reported fabrication method by our group 

[46]. Briefly, a CO2 Universal Laser Systems®PLS6.75 laser was used to perform laser 

patterning with a laser spot diameter of ∼150 μm and wavelength 10.6 μm. LSG sensors were 

designed and fabricated on a pre-cleaned PI sheet as a three-electrode system with dimensions, 

i.e., length: 2.8 cm, width: 1.2 cm, and radius: 1.5 mm, using the CO2 laser. To obtain a higher 

quality LSG electrode with a relatively low sheet resistance value (58 Ω/square), 3.2 W power, 

2.8 cm/s speed, 1000 pulses per inch, and 2.5 mm Z distance was used.  
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2.3. Synthesis of ZnFe2O4 NPs and fabrication of ZnFe2O4 NPs-modified LSG electrodes  

ZnFe2O4 NPs were synthesized using a previously reported method with slight modification 

[41]. Briefly, one mol of Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and two mol Iron nitrate 

nonahydrate (Fe(NO3)3·9H2O) were dissolved in 50 mL of MilliQ water. This suspension was 

ultrasonically agitated with a power of 100 W/cm
2
 and frequency 50 kHz for 1h and then 

mechanically stirred for 30 min at 30 °C. The obtained precipitates due to this reaction were 

collected using centrifugation and washed thoroughly with MilliQ water and ethanol. Finally, the 

washed product was heated at 80 °C for 12 h in a vacuum oven. The obtained powder was 

dispersed in DI water (2 mg/mL) and used to modify LSG electrodes. The bare LSG working 

electrodes (geometrical area = 0.071 cm
2
) were modified by a drop-casting method.  Briefly, 5 

µL dispersion of ZnFe2O4 NPs was dropped onto the LSG working electrode surface and left dry 

in the oven for 20 min at 60 C. After this, the LSG modified ZnFe2O4 (LSG/ZnFe2O4) 

electrodes were ready for further functionalization and electrochemical characterization. 

 

2.4. cTn-I aptamer immobilization onto LSG/ZnFe2O4 electrode and cTn-I detection 

Stock solutions of cTn-I DNA aptamer (100 µM) were prepared in a Nuclease-free molecular 

biology grade water and immediately stored at −20 °C for further use. Briefly, the working 

solutions of cTn-I aptamer and MCH were prepared in 10 mM PBS (pH 7.4) and used 

immediately after preparation. A co-immobilization method of aptamer and MCH mixture was 

used to modify the LSG/ZnFe2O4 electrode [47]. 6 µL of a cTn-I aptamer immobilization 

mixture containing 4 µM of cTn-I DNA aptamer and 20 µM of MCH prepared in 10 mM PBS at 

pH 7.4 was placed onto LSG/ZnFe2O4 electrode and incubated for 16 h. After washing with 10 

mM PBS at pH 7.4 (5 times at least), 0.1 mg/mL of BSA solution in 10 mM PBS (pH 7.4) was 

added to the working electrode and incubated for 45 min to block non-specific adsorption. To 

this end, the electrode was named as LSG/ZnFe2O4-aptasensor. For the detection of different 

amounts of cTn-I, 0.001, 0.01, 0.1, 1, 10, 25, 50, 100, and 200 ng/mL solutions of cTn-I were 

prepared in 10 mM PBS (pH 7.4). 50 µL from each solution was placed on top of the working 

electrode and incubated for one hour. The electrodes were then rinsed with 10 mM PBS pH 7.4 

five times to remove unbound cTn-I. To detect cTn-I in human serum (1% in PBS, pH 7.4), six 

different concentrations (0.001 to 100 ng/mL) of cTn-I were spiked into the human serum. 50 µL 
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from each serum sample was dropped on the electrode surface and incubated for one hour. 

Finally, the electrodes were washed with PBS (pH 7.4) at least five times. 

  

2.5. Electrochemical measurements 

Cyclic voltammetry (CV) and Square wave voltammetry (SWV) were performed to 

characterize the electrodes and measure the cTn-I aptasensors response before and after binding 

cTn-I. In the case of CV, the scan rate used was 50 mV/s, and the potential range used was from 

− 0.60 V to + 0.60 V. For SWV, a frequency of 2 Hz and sweeping potential from − 0.40 V to + 

0.40 V was used. For EIS experiments, external Ag/AgCl and platinum counter electrodes were 

used. All electrochemical measurements were performed at room temperature in 0.1 M KCl 

containing 5 mM [Fe(CN)6]
3−/4−

 as a redox probe with LSG reference and LSG counter 

electrodes. The difference in the redox probe's current intensities before and after binding of 

cTn-I is correlated to the different amounts of cTn-I bind on the LSG/ZnFe2O4 aptasensor. All 

electrochemical measurements were performed in triplicate. 

 

3. Results and discussion 

3.1. Fabrication and characterization of LSG/ZnFe2O4 electrode  

The LSG electrodes were fabricated using the laser-scribing method reported earlier by our 

group [46]. Fig. 2A shows the photograph and SEM images of the LSG electrodes. The SEM 

images show a porous graphene structure similar to the characteristic morphology of the LSG 

electrodes reported earlier [37, 46]. LSG electrodes were further modified with ZnFe2O4 by a 

drop-casting method. Fig. 2B shows the photograph and SEM images of the LSG/ZnFe2O4 

electrode. It can be seen that ZnFe2O4 NPs covered most of the LSG electrode surface, 

confirming the adsorption of ZnFe2O4 NPs on LSG. Further, both electrodes' electrochemical 

properties were tested using CV (Fig. 2C) and found that LSG/ZnFe2O4 electrode showed a 31% 

increase in electrochemical response compared to the LSG electrode alone. It is hypothesized 

that the increase in the electrochemical response is due to the excellent surface coverage of the 

LSG working electrode via drop-casting method, and ZnFe2O4 NPs provide a higher 

electrocatalytic effect and large active surface, leading to a higher current response as compared 

to LSG electrode [41]. To investigate the role of Zn in the increase in electrocatalytic activity, 

CVs of LSG/Fe3O4 NPs and LSG/ZnFe2O4 NPs electrodes have been performed in the presence 
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of a redox probe (Fig. S1). A 15% increase in the redox peak current has been observed for 

LSG/ZnFe2O4 compared to LSG/Fe3O4 NPs electrodes. Also, about 56 mV difference was 

observed between peak separation value (ΔEp) of LSG/Fe3O4 NPs (103.5 mV) and 

LSG/ZnFe2O4 (159.6 mV). These results suggest a slight increase in surface area and 

electrocatalytic activity of ZnFe2O4 compared to Fe3O4. In other words, no significant 

improvement was observed. Nevertheless, the purpose of having Zn in the material is not only to 

improve electrocatalytic ability but also to provide affinity for aptamer attachment. 
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Fig. 2. Photographs and SEM images of (A) LSG electrode (B) LSG/ZnFe2O4 electrode. Scale 

bar for SEM images from left to right: 20 µm and 200 nm. (C) Cyclic voltammograms (CVs) 

were obtained for LSG and LSG/ZnFe2O4 electrodes in 0.1 M KCl containing 5 mM 

[Fe(CN)6]
3−/4−

 as a redox probe. The scan rate was 50 mV/s, (D) X-ray powder diffraction 

analysis of ZnFe2O4 nanoparticles. (E) EDS spectra of ZnFe2O4 NPs. (F) Weight percentages of 

the elements and (G) elemental distributions in the ZnFe2O4 NPs. 
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The presence of Zn in the electrode matrix helps form Zn-S bonds with the Sulfur atoms of the 

aptamer [42, 43]. Fig. 2D shows XRD spectra of the ZnFe2O4 NPs powder used for modification 

of the LSG electrode. The XRD spectra show a high degree of crystallinity of ZnFe2O4. All the 

spectra peaks matched well with the Bragg reflections of the standard spinel structure of 

ZnFe2O4 [48]. The EDS spectra of ZnFe2O4NP/LSG revealed the signals of expected elements C, 

Zn, Fe, and O (Fig. 2E). The weight percentages obtained are 16.44, 21.03, 23.71, and 38.82 for 

C, Zn, Fe, and O, respectively (Fig. 2F). Furthermore, the nanomaterial morphology has been 

viewed by mapping (Fig. 2G), which showed each element's distribution in the sample. Fig. S2 

shows that after bending the LSG/ZnFe2O4 electrodes at ~45° and ~90°, the CV response of the 

LSG/ZnFe2O4 electrodes did not change, proving the flexibility of LSG/ZnFe2O4 electrode 

system. To test the stability of the modified electrode LSG/ZnFe2O4, CVs of the modified 

electrode were recorded after several washing steps (Fig. S3). The redox peak currents were not 

altered even after ten washes, suggesting that the modified LSG electrode was stable and can 

withstand several washing steps, which qualified the LSG/ZnFe2O4 for sensor applications.   

 

3.2. Effect of scan rate 

The scan rate studies were carried out to calculate the electrochemically active surface area and 

to compare the electrocatalytic effect of the LSG and LSG/ZnFe2O4 electrodes. CV technique 

was used to carry out these studies, and the scan rate was changed from 10 mV/s to 100 mV/s, as 

shown in Fig. 3. A gradual increase in the current intensity response was observed with the 

increase in the scan rate for both LSG and LSG/ZnFe2O4 electrodes. A linear relationship 

between the current response and the square root of the scan rate was observed in both cases. The 

electrochemically active surface area of LSG and LSG/ZnFe2O4 electrodes was calculated using 

the Randles-Sevick equation as follows  

 

Ipa = 2.69×10
5
 n

3/2 
A D

1/2 
C v

1/2 
     Eq (1) 

 

Where A= Active surface area of the electrode, D= diffusion coefficient (6.67 × 10
-6

 cm
2
.s

-1
)[49], 

v= scan rate (mV.s
-1

), C= concentration of [Fe(CN)6]
3-/4-

 (mol·cm
-3

), and Ipa = anodic peak 

current (µA). 
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Fig. 3. CVs obtained using 0.1 M KCl containing 5 mM K4[Fe(CN)6]
3−/4−

 as a redox probe or (A) 

bare LSG electrode, (C) ZnFe2O4 modified LSG electrode and (E) LSG/ZnFe2O4-aptasensor at 

different scan rates from 10 to 100 mV/s. The plots show I vs. v½ for the (B) bare LSG 

electrode, (D) ZnFe2O4 modified LSG electrode, and (F) LSG/ZnFe2O4-aptasensor. 
 

 

 

Ipa = 16.46 (± 0.84) v
1/2 
 13.17 (±1.35)             Eq (2)-LSG electrode 

Ipa = 28.06 (± 0.72) v
1/2 
 51.13 (± 1.32)             Eq (3)- LSG/ZnFe2O4 electrode 

Ipa = 13.36 (± 0.58) v
1/2 
 12.27 (± 1.58)            Eq (4)- LSG/ZnFe2O4-aptasensor 
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It was found that the electrochemically active surface area of the LSG/ZnFe2O4 electrode (0.242 

cm
2
) was higher than that of LSG electrodes (0.135 cm

2
). This is due to the high surface area and 

better electrocatalytic effect of ZnFe2O4 NPs, which results in the improved performance of the 

LSG/ZnFe2O4 electrode. Therefore, LSG/ZnFe2O4 electrode could be useful to develop 

electrochemical biosensors with improved performance.  

 

The slope values obtained from scan rate studies can be used to evaluate the interfacial 

electron transfer rate. About a 1.7-fold increase in the slope value was observed for 

LSG/ZnFe2O4 electrode compared to that of bare LSG electrode, indicating a significant 

improvement in the electron transfer at the ZnFe2O4 modified LSG. Interestingly, about a 2.12-

fold decrease in the slope was observed upon aptamer immobilization, suggesting a significant 

decline in the electron transfer rate. This result implicitly indicates that an abundant amount of 

aptamers are successfully immobilized on the modified electrode, which causes such a massive 

decline in the model redox system's electron transfer rate. Therefore, this new modified electrode 

is a versatile probe for immobilizing aptamer. 

 

3.3. Electrochemical characterization of the cTn-I aptasensor  

Voltammetric characterization techniques were used to characterize the LSG/ZnFe2O4- 

aptasensor fabrication and detection of cTn-I. Fig. 4A and 4B shows the CV and SWV responses 

of the LSG, LSG/ZnFe2O4, LSG/ZnFe2O4-aptasensor (control) and LSG/ZnFe2O4-aptasensor + 

50 ng/mL of cTn-I. It can be seen that after the immobilization of the aptamer in the presence of 

MCH and further incubation in BSA solution (control), a significant decrease in the current 

response was observed compared to the LSG/ZnFe2O4 electrode. The role of MCH is to help in 

the proper folding of the DNA aptamer during the immobilization process on the electrode 

surface, which also minimizes the steric hindrance [47, 50], resulting in the efficient attachment 

of the analyte (cTn-I) on the LSG/ZnFe2O4-aptasensor. After incubating 50 ng/mL cTn-I with 

LSG/ZnFe2O4-aptasensor, a substantial decrease in the current response was observed further. 

This decrease in current is due to the binding of cTn-I onto the LSG/ZnFe2O4-aptasensor. The 

binding of cTn-I on the LSG/ZnFe2O4-aptasensor surface hindered the diffusion of 

[Fe(CN)6]
3−/4−

 redox probe resulting in the decrease in the current response. The difference in the 

current response before and after the attachment of cTn-I corresponds to the binding of 50 ng/mL 
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of cTn-I onto the electrode surface. As a control experiment (Fig. S4), the LSG electrode was 

also modified with the cTn-I aptamer. It can be seen that the change in current response after the 

incubation of 50 ng/mL cTn-I was ~2.4-fold lower for LSG electrode (10.7±1.5 % vs. 25.8 

±1.63%) compared to the LSG/ZnFe2O4-aptasensor. This difference may be attributed to the 

adsorption of fewer aptamer molecules on the LSG electrode surface compared to LSG/ZnFe2O4 

electrode, resulting in a ~2.4-fold difference in the current response after incubation of cTn-I 

compared to LSG/ZnFe2O4-aptasensor. In contrast, when similar thiol modified aptamer and 

MCH were used for the modification of LSG/ZnFe2O4  

 

 
 

Fig. 4. (A) CV and (B) SWV recorded at bare LSG electrode, LSG/ZnFe2O4 electrode, 

LSG/ZnFe2O4 aptasensor as a control and LSG/ZnFe2O4 aptasensor + 50 ng/mL of cTn-I. (C) 

Plot between the change in current (%) of the aptasensor in the presence of 50 ng/mL of cTn-I 

and concentration of aptamer (µM) immobilized on the LSG/ZnFe2O4. (D) EIS parameters used 

were frequency 1.0 Hz to 100 kHz at 0V. Nyquist diagram was obtained from Warburg 

impedance (W), resistances (Rs and Rct), and capacitance (C1). All the measurements were 

performed in 0.1 M KCl containing 5 mM [Fe(CN)6]
3−/4−

 as a redox probe. 
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electrode, the aptamer and MCH bind to the ZnFe2O4 due to the thiol (S)-Zn bond [42, 43], 

resulting in a higher density of aptamer on the surface of the electrode which results in the 

enhanced binding of cTn-I on LSG/ZnFe2O4-aptasensor. To exclude the possibility of a false-

positive signal, the aptamers with dissimilar sequences were immobilized on the LSG/ZnFe2O4 

electrode (Fig. S5 and Fig. S6), which shows no response when incubated with 50 ng/mL cTn-I 

proving that the aptamer used for the fabrication of cTn-I is highly specific and obtained sensor 

response is due to the presence of cTn-I. 

 

The amount of aptamer was optimized to obtain a maximum biosensing outcome. Different 

amounts of aptamer ranging from 1 µM to 5 µM were used to fabricate the biosensor, and their 

sensing ability was tested towards 50 ng/mL of cTn-I (Fig. 4C and Fig. S7). The sensing 

performance was increased from 1 µM to 4 µM, and a slight decrease was observed from 4 µM 

to 5 µM. The result indicated that the use of more than 4 µM produces a thicker biosensor, which 

negatively affected the interfacial electrode transport between solution and electrode surface. 

Therefore, 4 µM of aptamer was used for all the studies as this concentration provides maximum 

sensing performance.  

 

EIS measurements were also performed to characterize the sensor surface modification steps 

(Fig. 4D). The EIS data was found to be in good agreement with the CV results (Fig. 4A). The 

resistance of charge transfer (Rct) was dramatically decreased after the modification of the LSG 

electrode with the ZnFe2O4 NPs. After the aptamer's immobilization on the LSG/ZnFe2O4 

electrode, the Rct increased, which confirmed the immobilization (Control) of the aptamer on the 

electrode surface. In the next step, the aptasensor was incubated with 50 ng/mL of cTn-I, 

resulting in a further increase in the Rct due to the successful binding of cTn-I on the aptasensor, 

confirming the high affinity of the aptasensor towards cTn-I detection.   

 

3.4. Sensitivity and selectivity of the electrochemical aptasensor 

After the voltammetric characterization of LSG/ZnFe2O4-aptasensor, experiments were 

carried out to access the sensitivity of the LSG/ZnFe2O4-aptasensor to detect different amounts 

of cTn-I. Fig. 5A shows the redox probe's SWV responses after incubating different 
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concentrations of cTn-I in PBS, pH 7.4. It can be seen that with the increase in the concentration 

of cTn-I, CV and SWV responses of the redox probe [Fe(CN)6]
3-/4-

 decrease due to the hindrance 

in the diffusion of the redox probe caused by cTn-I molecules attached on the sensor surface. 

Fig. 5B shows the calibration curve obtained from SWV responses, which corresponds to 

different amounts of cTn-I that can be detected using LSG/ZnFe2O4-aptasensor. A linear, 

logarithmic relationship between the concentration of cTn-I and the sensor’s electrochemical 

response (difference in the electrochemical signal of LSG/ZnFe2O4-aptasensor before and after 

the binding of cTn-I) was obtained. The sensors’s electrochemical response increases with the 

increase in the  

 

Fig. 5. (A) Square wave voltammetry (SWV) recorded at LSG/ZnFe2O4 aptasensor in 0.1 M KCl 

containing 5 mM [Fe(CN)6]
3−/4−

 as a redox probe after the incubation of different concentrations 

of cTn-I in (a=0, b=0.001, c=0.01, d=0.1, e=1, f=10, g=25, h=50, i=100, and j=200 ng/mL cTn-

I). (B) Corresponding calibration curves were obtained from SWV results. (C) The response of 

the LSG/ZnFe2O4 aptasensor towards 50 ng/mL of cTn-I and 50 ng/mL of possible interfering 

biomolecules: cholesterol, glucose, myoglobin, cTn-T, and cTn-C. 
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concentration of cTn-I. A limit of detection (LOD) of 0.001 ng/mL with a 19.32 (±0.25) 

µA/(ng/mL) sensitivity was obtained from the calibration plot. The linear range of the 

LSG/ZnFe2O4-aptasensor was from 0.001 ng/mL to 200 ng/mL. The cTn-I levels below 0.6 

ng/mL present in serum are considered normal, while 0.7-1.4 ng/mL suggest a minor myocardial 

injury and over 1.5 ng/mL indicate myocardial necrotic damage [51]. Hence, the developed 

LSG/ZnFe2O4-aptasensor limit of detection lies well below the normal value of cTn-I and can 

easily discriminate between the normal situation and myocardial necrotic damage. 

 

To test the selectivity of the LSG/ZnFe2O4-aptasensor towards the detection of cTn-I, 

different interfering biomolecules were selected (cholesterol, glucose, myoglobin, cTn-T, and 

cTn-C), and sensor response was tested in the presence of these interferences. In addition to 

cholesterol and glucose; myoglobin, cTn-T, and cTn-C were selected due to the structural and 

physico-chemical relevance with cTn-I in terms of AMI’s detection [52]. A similar concentration 

(50 ng/mL) was used for all the interfering biomolecules and cTn-I, and the results are compared 

in Fig. 5C. It can be seen that a significantly low sensor’s electrochemical response was 

observed in the case of cholesterol, glucose, myoglobin, cTn-T, and cTn-C compared to the 

response for cTn-I. The LSG/ZnFe2O4-aptasensor response for cTn-I was 8.8, 9.2, 7.3, 6.5, and 

5.9 fold higher than cholesterol, glucose, myoglobin, cTn-T, and cTn-C for the same 

concentration (50 ng/mL) of each analyte, respectively. Among the different interfering 

biomolecules, cTn-C and cTn-T showed more non-specific adsorption on the sensor surface due 

to the physico-chemical and structural similarities to cTn-I. However, these results show that the 

developed sensor is highly selective for detecting cTn-I compared to different interfering 

biomolecules, apparently due to abundant cTn-I specific aptamer molecules present on the 

modified electrode. 

 

3.5. Analytical application of the electrochemical aptasensor 

To demonstrate the potential of LSG/ZnFe2O4-aptasensor for the detection of cTn-I in real 

samples, different amounts of cTn-I (0.001, 0.01, 0.1, 1, 10, and 100 ng/mL) were spiked into the 

diluted human serum. Fig. 6 shows the SWV responses and corresponding calibration curve of 

the spiked samples at different concentrations. It is important to note that the sensitivity of the 

LSG/ZnFe2O4-aptasensor was decreased around 27% in the case of spiked serum samples (14.15 
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(0.63) µA/(ng/mL). This is due to the non-specific attachment of the protein molecules present 

in the serum. Nonetheless, these results show that LSG/ZnFe2O4-aptasensor can easily 

discriminate between different concentrations of cTn-I in human serum and are in good 

agreement with previous reports [7, 8, 53, 54]. The spiked human serum samples' results 

demonstrate the potential use of the LSG/ZnFe2O4-aptasensor in a POC device for patient 

samples. 

 

Fig. 6 (A) SWVs recorded at LSG/ZnFe2O4 aptasensor after the incubation of different 

concentrations of cTn-I spiked human serum samples (a=0, b=0.001, c=0.01, d=0.1, e=1, f=10, 

and g=100 ng/mL cTn-I). The electrolyte contains 0.1 M KCl and 5 mM [Fe(CN)6]
3−/4−

 as a 

redox probe. (B) Corresponding calibration curves. 

 

Table 2 shows a comparison between some of the cTn-I biosensors reported in the literature. It 

can be seen that LSG/ZnFe2O4-aptasensor performed comparable or better compared to different 

types of electrodes modified with graphene or MWCNTs. Notably, the previous works use the 

conventional wet-chemical approach to synthesize graphene via the oxidation-exfoliation 

approach [53-57]. However, this procedure is tedious (extensive washing steps), time-

consuming, requires large volumes of harsh reagents (such as sulfuric acid, nitric acid, hydrogen 

peroxide etc.), and the layers tend to aggregate in solutions. The LSG electrode preparation is 

relatively simple (laser is the only requirement), fast (less than three hours to fabricate 50 

electrodes), mask-free, no reagents required, and no aggregation issues. The synthesis of 

ZnFe2O4 involves a simple one-step procedure from low-cost precursors. SPCEs are widely used 

for cTn-I sensing [9]; however, more recent studies indicate that LSG electrodes are a step ahead 

in overall analytical performance than SPCE [33]. In the case of GCE/biosynthesized ZnONPs 

molecularly imprinted [6], and screen printed gold electrode modified with DNA 
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nanotetrahedron probe [8] based cTn-I sensors, the cTn-I sensor developed in the current studies 

showed a lower detection limit. The GCE modified with TB-Au-COFs-Ab2 labels [7] showed a 

lower detection limit than the current studies; however, it was not tested for interference such as 

cTn-C, cTn-T, and myoglobin. The cTn-I biosensor developed using a monoclonal antibody and 

Ir(III)-based metal complex probe showed the lowest detection limit in the table; however, these 

sensors were not tested in human serum and in the presence of most relevant interferences such 

as myoglobin, cTn-C and cTn-T. Therefore, the aptasensor developed in the current studies 

showed better selectivity and sensitivity compared to many cTn-I sensors reported in the 

literature.  

 

Table 2. Comparison of the analytical performance of the developed aptasensor and some of the previously reported 

cTn-I electrochemical biosensors. 

Electrode  

type 

Tech-

nique 

Bioassay 

type 

 

LOD   

Linear 

range  

 

Selectivity and specificity 

against cTn-T, cTn-C and 

myoglobin 

Type of samples 

SPCE modified 
with  gold 

nanoparticles and  con

ductive polymers [9] 

 
CA 

 
Aptamer 

 
24 

pg/mL 

 

24 
pg/mL 

to 

2.4 ng/m
L 

 
Tested against other proteins.  

Not tested for cTn-T and 

myoglobin  

Buffer and spiked 
human serum 

SPAuE modified with 

graphene oxide/ 

Polyethyleneimine 

[55] 

DPV  

Aptamer 

 

1 

pg/mL 

 

1 pg/mL  

to  

1000 

ng/mL 

 

Not tested for cTn-T and 

myoglobin  

Buffer and spiked 

human serum 

GCE  modified with 

nitrogen-doped 
reduced graphene 

oxide [54] 

DPV  

Aptamer 

 

1 
pg/mL 

 

1pg/mL 

to  
100 

ng/mL 

Tested for BNP, BSA and 

lysozyme. Not tested for cTn-T 
and myoglobin 

Buffer, spiked human 

serum, and saliva. 

Gold micro-gap 
electrode incorporated 

with a PCB chip [58] 

CV Aptamer with 
DNA 3 way-

junction 

 
24  

pg/mL 

 

24 
pg/mL  

to  

2400 
ng/mL 

Tested for myoglobin and other 
proteins. Not tested for cTn-T 

Buffer and spiked 
human serum 

GCE modified with 

biosynthesized 
ZnONPs [6] 

 

DPV 

 

Aptamer/ 
MIP 

 

26 
pg/mL 

  

12.5 

pg/mL  
to 

8.25 

× 103 

ng/mL 

Tested for myoglobin, CRP, 

HAS, and  cTn-T. ~33% signal 
observed for CRP, HAS, and  

cTn-T compared to cTn-I 

Buffer and spiked 

human serum 

Screen printed gold 

electrode (SPGE) [8] 

DPV DNA nanotetra-

hedron 

aptamer probe 

 

7.5 

pg/mL 
 

 

 

10 

pg/mL  
to  

100 

ng/mL 

Tested for myoglobin, BSA, 

HAS1, and HER2. Not tested 

for cTn-T and cTn-C 

Buffer, spiked human 

serum, and patient 

samples 

TiO2-PPy-Au film on 

the GCE in 

combination with  TB-
Au-COFs [7] 

 

SWV 

TB-Au-COFs-

Ab2 labels 

(antibody label) 

 

0.17  

pg/mL 
 

 

0.5 pg/m

L to  
10 ng/m

L 

Tested cTn-I in the presence of 

insulin, CEA, PSA) and SCCA. 

Not tested for cTn-T, cTn-C, 
and myoglobin  

Buffer and spiked 

human serum 

Cellulose paper 

printed with 
conductive carbon ink 

electrode modified 
with MWCNTs [53] 

 

EIS 

 

 
Antibody 

 

50  
pg/mL 

 

 

50 
pg/mL  

to 
50 ng/m

Tested for Myoglobin. 50% 

signal observed for myoglobin 
compared to cTn-I.  Not tested 

cTn-T  

Buffer and spiked 

human serum 
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CA: Chronoamperometry; DPV: Differential pulse voltammetry; CV: Cyclic voltammetry; EIS: Electrochemical impedance spectroscopy; I-V: 
Current–Voltage; SWV: Square wave voltammetry; TB-Au-COFs: Gold nanoparticles doped covalent organic frameworks and electron mediator 

toluidine blue; Ab2: Secondary antibody; CRP: C-reactive protein; HSA: Human serum albumin; CEA: Carcinoembryonic antigen; PSA: Prostate 

specific antigen; SCCA: Squamous cell carcinoma antigen; BSA: Bovine serum albumin; HAS1: Recombinant human hyaluronan synthase 1; 
HER2: Recombinant human epidermal growth factor receptor 2. 

 

 

4. Conclusion 

In conclusion, a sensitive, selective, and flexible LSG/ZnFe2O4-aptasensor to detect cTn-I is 

reported. The modification of the LSG with ZnFe2O4 increases the electroactive surface area and 

electrocatalytic activity of the LSG electrode and is also useful for the direct immobilization of 

the aptamer specific for cTn-I detection. Moreover, The LSG/ZnFe2O4-aptasensor showed higher 

selectivity for cTn-I detection compared to non-specific biomolecules. The LSG/ZnFe2O4-

aptasensor was also tested to detect cTn-I spiked human serum samples, and corresponding 

recovery values indicated that LSG/ZnFe2O4-aptasensor has excellent potential to be integrated 

into POC devices for the patient sample application. Finally, the generalized strategy developed 

in these studies can be used to detect various disease-related biomarkers by simply replacing the 

specific aptamer in the electrochemical biosensing system. 
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L 

GCE modified with 

porous graphene oxide 

[56] 

CV 

and 

EIS 

 

Antibody 

 

70 

  pg/mL 
 

100 

pg/mL 

 to 
10 ng/m

L  

Only BSA and myoglobin were 

tested.  Not tested cTn-T 

Buffer and clinical 

samples 

Interdigitated gold 
electrodes modified 

with amine 

functionalized 
graphene [57] 

I–V 
chara

c-

teristi
cs 

 
Antibody 

 
10 

  pg/mL 

 

 
10 

pg/mL  

to  
1 ng/mL 

Only BSA and Avidin were 
tested- Not tested for cTn-T 

and Myoglobin 

Buffer and spiked 
human serum 

Standard gold  

macroelectrode 

electrode (Au)[59]  

EIS monoclonal 

antibody and 

Ir(III)-based 
metal complex 

probe 

0.00001  

pg/mL 

1ng/mL 

to 

1ag/mL 

Sensors was not tested for any 

interferences  

Buffer only 

Microelectrode based 
on manganese-reduced 

graphene oxide 

(Mn3O4-RGO)[60] 

EIS Antibody 8 pg/mL 0.008 
ng/mL to 

20 

ng/mL 

Tested for myoglobin, cTn-T, 
cTn-C and BNP.  

Buffer and spiked 
human serum samples 

 
LSG electrode 

modified with 

ZnFe2O4 (This work ) 

 
SWV 

 
Aptamer 

 
0.001 

ng/mL 

or  
 1 pg/mL 

0.001 
ng/mL to 

200 

ng/mL 

Selectivity tested for glucose, 
cholestrol, myoglobin,  cTn-T, 

and  cTn-C  

Buffer and spiked 
human serum samples 
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