
Journal Pre-proof

Laser-induced graphene interdigitated electrodes for label-free or nanolabel-
enhanced highly sensitive capacitive aptamer-based biosensors

Ajay Kumar Yagati, Arne Behrent, Sebastian Beck, Simone Rink, Achim M.
Goepferich, Junhong Min, Min-Ho Lee, Antje Baeumner

PII: S0956-5663(20)30267-0

DOI: https://doi.org/10.1016/j.bios.2020.112272

Reference: BIOS 112272

To appear in: Biosensors and Bioelectronics

Received Date: 30 January 2020

Revised Date: 7 April 2020

Accepted Date: 2 May 2020

Please cite this article as: Yagati, A.K., Behrent, A., Beck, S., Rink, S., Goepferich, A.M., Min, J., Lee,
M.-H., Baeumner, A., Laser-induced graphene interdigitated electrodes for label-free or nanolabel-
enhanced highly sensitive capacitive aptamer-based biosensors, Biosensors and Bioelectronics (2020),
doi: https://doi.org/10.1016/j.bios.2020.112272.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.

https://doi.org/10.1016/j.bios.2020.112272
https://doi.org/10.1016/j.bios.2020.112272


CRediT author statement 

 

Ajay Kumar Yagati: Conceptualization, Methodology, Validation, Formal analysis, 
Investigation, Writing - original draft. 

Arne Behrent: Methodology, Software, Formal Analysis,  

Sebastian Beck: Investigation, Data Curation, Formal Analysis 

Simone Rink: Investigation, Data Curation, Formal Analysis 

Achim M. Goepferich: Resources, Writing - Review & Editing, 

Junhong Min: Supervision, Funding acquisition, Writing - Review & Editing  

Min-Ho Lee: Supervision, Funding acquisition, Writing - Review & Editing,  

Antje Baeumner:  Conceptualization, Methodology, Resources, Writing - review & editing, 
Supervision, Project administration, Funding acquisition. 





1 

 

Laser-induced graphene interdigitated electrodes for label-free or 1 

nanolabel-enhanced highly sensitive capacitive aptamer-based biosensors 2 

 3 

Ajay Kumar Yagati1,2, Arne Behrent1, Sebastian Beck3, Simone Rink1, Achim M. 4 

Goepferich3, Junhong Min2,*, Min-Ho Lee2,*, Antje Baeumner1,* 
5 

 
6 

1 Institute of Analytical Chemistry, Chemo-and Biosensors, Faculty of Chemistry and 7 

Pharmacy, University of Regensburg, 31, 93053, Regensburg, Germany 8 

2 School of Integrative Engineering, Chung-Ang University, Heukseok-dong, Dongjak-Gu, 9 

06974, Seoul, Republic of Korea 10 

3 Department of Pharmaceutical Technology, Faculty of Chemistry and Pharmacy, 11 

University of Regensburg, 93040 Regensburg, Germany 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

*Corresponding Author 30 

 31 

Antje J. Baeumner 32 

Email: antje.baeumner@ur.de; Tel: +49-941-943-4066; Fax: +49-941-943-4064 33 

 34 

Junhong Min 35 

Email: junmin@cau.ac.kr; Tel: +82-2-820-5348; Fax: +82-2-814-2651 36 

 37 

Min-Ho Lee 38 

Email: mhlee7@cau.ac.kr; Tel: +82-2-820-5503; Fax: +82-2-814-2651 39 

 40 

  41 



2 

 

Abstract 1 

 2 

Highly porous laser-induced graphene (LIG) is easily generated in complex electrode 3 

configurations such as interdigitated electrodes (IDEs). Here, we demonstrate that their 4 

superior capacitive response at low frequencies can be exploited in affinity biosensors using 5 

thrombin aptamers as model biorecognition elements. Of specific interest was the effect of 6 

electrode surface area on capacitance detection, and the comparison between a label-free 7 

format and enhancement strategies afforded by carboxy group bearing polymeric 8 

nanoparticles or liposomes. Electrochemical impedance spectroscopy (EIS) was used to 9 

investigate the LIG performance and optimize the biosensor design. Interestingly, the label-10 

free strategy performed extremely well and additional labels decreased the limit of detection 11 

or increased the sensitivity only minimally. It is assumed that the highly porous nature of the 12 

LIG structures dominates the capacitive response so that labels removed from the surface 13 

have only limited influence Also, while slight performance changes can be observed for 14 

smaller vs. larger electrode structures, the performance of a LIG IDE is reasonably 15 

independent of its size. In the end, a dynamic range of 5 orders of magnitude was obtained 16 

(0.01 nM – 1000 nM) with a limit of detection as low as 0.12 pM. When measured in serum, 17 

this increased to 1.3 pM. The good reproducibility (relative standard deviation (RSD), 4.90 18 

%) and repeatability (RSD, 2.59 %) and good long-term stability (>7 weeks at 4 °C) prove 19 

that a LIG-based capacitance sensor is an excellent choice for affinity-based biosensor. The 20 

ease-of-production, the simplicity of modification and the superior performance even in a 21 

label-free format indicate that LIG-based biosensors should be considered in point-of-care 22 

diagnostics in the future. 23 

 24 

Keywords: Aptamer; liposomes; interdigitated electrodes; nanoparticles; impedance; 25 

capacitance; laser-induced graphene.  26 



3 

 

 1 

1. Introduction 2 

 3 

Thrombin (MW: 37.4 kDa) a two-polypeptide chain, glycosylated serine protease is 4 

composed of two anion binding exosites which complexes with fibrinogen and heparin 5 

(Esmon and Lollar 1996). Thrombin plays a vital role in hemostasis and hemolysis that may 6 

lead to vascular and endothelial dysfunctions, it is considered a tumor marker in pulmonary 7 

metastasis and increased concentrations in blood lead to the associated diseases. Under 8 

normal conditions, thrombin is not found in blood, however, its inactive form, prothrombin, 9 

is present at a level of 1.2 µM (Deng et al. 2014). Quantitative determination of thrombin has 10 

become a routine tool for early diagnosis, monitoring, and estimation of hematological 11 

system disorders, making the availability of a simple biosensor that covers the required 12 

dynamic range 1-500 nM (Wolberg and Campbell 2008) and offers ultra-low limits of 13 

detection such as in the low pM range (Li et al. 2019).  14 

Aptamers are well-known and accepted biorecognition elements in biosensors as they can 15 

possess a high affinity to specific targets (Bin Seo and Gu 2017) and are much easier 16 

synthesized and produced than the traditionally used antibodies. Aptamers for thrombin 17 

detection are prime examples, with its two most often used sequences, a 15-mer and a 29-18 

mer, binding to two different electropositive exosites of the thrombin (Edwards et al. 2010). 19 

They have consequently been used as biorecognition elements in a variety of approaches 20 

including fluorescence (Duan et al. 2015), electrochemical (Grabowska et al. 2018), 21 

colorimetric(Zhao et al. 2007) and surface plasmon resonance (Zhu et al. 2015) strategies. 22 

Interestingly, electrochemical-based aptamer detection systems were found to provide the 23 

lowest limits of detection paired with better sensitivity. Ideal biosensors should furthermore 24 

enable straightforward detection without additional labeling steps, be inexpensive and simple 25 

in their production and not be only minimally affected by a sample matrix. We were therefore 26 
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interested in studying label-free capacitive sensing strategies with laser-induced graphene 1 

(LIG) electrodes (Griffiths et al. 2014). In addition to enabling ultra-easy fabrication through 2 

a simple CO2-laser printer these electrodes are highly porous with fast heterogeneous electron 3 

transfer rates and numerous possibilities of chemical functionalization (Fenzl et al. 2017). 4 

They hence lend themselves extremely well to pursue the common strategies to improve a 5 

biosensor’s sensitivity such as by adopting porous/nanostructured electrode materials, with 6 

innovative electrode design structures (Yagati et al. 2016), labeling methods (Sun et al. 7 

2019), and rational design of surface chemistry (Campuzano et al. 2019).  In the following, 8 

recent literature on using LIG electrodes as a signal-transducing and sensing material for 9 

electrochemical sensing is reviewed. (Nayak et al. 2016) adopted LIG electrodes for 10 

improved electrocatalytic activity toward oxidation of ascorbic acid (AA), dopamine (DA), 11 

and uric acid (UA), similarly (Xu et al. 2018) also developed an electrochemical sensor for 12 

neurotransmitter with a LOD of  0.43 µM. Furthermore, photoelectrochemical applications 13 

on LIG electrodes were performed (Ge et al. 2019a; Ge et al. 2019b) for AA detection with a 14 

stable photoelectrochemical response under visible light with an LOD of 5.4 pg/mL.  15 

However, many of the previously reported literature have one or some of the short comings: 16 

i) they have long turnaround time to provide results ii) the LOD’s are still high in µM range, 17 

iii) more importantly, there is a lack of surface engineering to bind the analyte molecules. 18 

Non-faradaic EIS may become a superior detection method for point-of-care-testing (POCT) 19 

applications. Its ability to detect only molecular surface events rather than also those taking 20 

place in the bulk solution, makes it superior to voltammetric approaches. In the case of 21 

photoelectrochemical approaches, the additional hardware requirements make it less 22 

advantageous as POCT system. 23 

Therefore, capacitive approaches derive from impedance spectroscopy affording high 24 

sensitivity in a label-free format (Nguyen et al. 2018). The principle of capacitive biosensors 25 
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is based on the change in the electrical surface or thickness of the dielectric layer on the 1 

electrode surface. The working electrode immobilized with receptor molecules possesses a 2 

stable capacitance, and subsequent binding with a target analyte will cause changes in 3 

capacitance (Tsouti et al. 2011). In relation with the present work, these capacitive changes 4 

can be analyzed as the complex impedance Z*(ω) function can be converted into a complex 5 

capacitance C*(ω) by the physical definition Z*(ω)=1/jωC*(ω) in which ω is the angular 6 

frequency (Fernandes et al. 2013). These plots provide an intuitive way of interpreting the 7 

impedance spectroscopy of an electrochemical capacitor and evaluate the total specific 8 

capacitance and time constant (Randriamahazaka and Asaka 2010). Thus, recently, several 9 

capacitive biosensors have been reported for the detection of NS1 biomarker (Cecchetto et al. 10 

2017), bacteria (Erturk and Lood 2018), HIV-1 p24 (Teeparuksapun et al. 2010), insulin 11 

(Yagati et al. 2016).  12 

 13 

Thus, in the present work, LIG electrodes are investigated in their capability to serve as a 14 

capacitance-based transducer. The effect of the electrode surface area, of label-free and two 15 

different nano-label approaches were studied and applied as aptamer-biosensors for the 16 

detection of thrombin in buffer and serum samples (Figure 1). 17 

 18 

 19 

2. Materials and methods 20 

 21 

2.1. Chemicals and reagents 22 

 23 

 24 

The polyimide foil for the LIG IDE electrodes was purchased at Dasom RMS Co. LTD 25 

(Seoul, South Korea). 1-Pyrenebutyric acid (PyBA, 97 %), N-(3-Dimethylaminopropyl)-N′-26 

ethylcarbodiimide hydrochloride (EDC, purum, 98%), N-hydroxysuccinimide (NHS, 98%), 27 

Dimethyl sulfoxide (DMSO, ≥ 99.9 %), thrombin (from human plasma, ≥ 2,000 NIH 28 

units/mg), and fetal bovine serum were obtained from Sigma-Aldrich. Antithrombin aptamers 29 
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(i) primary with 15 nucleotides (5′-H2N-C6-GGTTGGTGTGGTTGG-3′) and (ii ) secondary 1 

with 29 nucleotides (5′-H2N-AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3′) were 2 

synthesized and purchased from Eurofins Genomics (Ebersberg, Germany). 2-(N-3 

morpholino) ethanesulfonic acid (MES; 0.1 M, pH 5.5), The phosphate-buffered saline 4 

solution (PBS) consisted of 0.1 M phosphate buffer, 1.37 M NaCl, and 0.03 M KCl (pH 6.5). 5 

Tris-EDTA (TE) buffer pH 7.5 was used for dissolving the aptamer and consisted of 0.01 M 6 

Tris-HCl and 0.001 M EDTA. Ultrapure water (18.2 MΩ/cm) was obtained from an 7 

Ultrapure (Milli-Q) system and used throughout. Phospholipids 1,2-dipalmitoyl-sn-glycero-3-8 

phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium 9 

salt) (DPPG), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(glutaryl) (sodium 10 

salt) (N-glutaryl-DPPE) were purchased from Avanti Polar Lipids, USA, m-carboxy luminol 11 

(purity: 73.597 wt% ± 2.82 wt%) was customized synthesized, HEPES (4-(2-12 

Hydroxyethyl)piperazine-1-ethane sulfonic acid, purity >99.5 %), chloroform and methanol 13 

were purchased from VWR chemicals, Germany. Cholesterol, Sephadex® G 50, sucrose, 14 

sodium azide, glycine (purity >99.7 %), sodium hydroxide, Whatman Nucleopore™ Track-15 

Etched membranes 1.0 µm, 0.4 µm, and 0.2 µm, 19 mm diameter were purchased from 16 

Sigma Aldrich/Merck, Germany. Dialysis tube Spectra/Por© 4 was obtained from Carl Roth, 17 

Germany. All other reagents were of analytical reagent grade or the highest purity available 18 

and were used directly without further purification unless indicated otherwise. 19 

 20 

 21 

 22 

2.2. Apparatus 23 

 24 

 25 

Optical measurements for the IDE electrodes were obtained from the digital microscope 26 

(KERN Optics). Field emission scanning electron microscopy (FESEM) images were 27 

recorded on Zeiss Leo 1530 scanning electron microscope (Carl Zeiss Microscopy GmbH, 28 
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Germany). Dynamic light scattering for size distribution results and zeta potential was 1 

recorded on Malvern and Zetasizer. Electrochemical impedance spectroscopy was performed 2 

using a frequency response analyzer using PalmSens4 (The Netherlands) scanned in the 3 

frequency range of 1 MHz to 0.1 Hz.  4 

 5 

 6 

2.3. Electrochemical impedance spectroscopy (EIS) measurements 7 

Non-Faradaic EIS measurements were conducted in a two-electrode configuration in PBS (10 8 

mM, pH 6.5) within a frequency range of 0.1 Hz to 100 kHz, an AC waveform of 5 mV, with 9 

a dc potential of 0 V applied to minimize any background signal or contributing electric 10 

fields. EIS curves were initially plotted in the form of Bode plots, later they were converted 11 

to capacitance spectroscopy by converting the complex impedance Z*(ω) to complex 12 

capacitance by C*(ω) = 1/jωZ*(ω), where ω is the angular frequency. The real and 13 

imaginary parts could be derived from the complex impedance by the following expressions 14 

(Taberna et al. 2003),  15 

��(�) = ��		(
)


|�(
)|�
       (1) 16 

���(�) = �	(
)


|�(
)|�
       (2) 17 

in which, ��(�) and ���(�) are the real and imaginary parts of the capacitance  �∗(�) and 18 

|Z(ω)| is the impedance modulus. The real part of the capacitance C′(ω) corresponds to the 19 

capacitance of the cell measured under low-frequency alternating current conditions, and 20 

C′′(ω) is the imaginary part of the capacitance corresponding to losses in the form of energy 21 

dissipation (Randriamahazaka and Asaka 2010). The obtained impedance results were fitted 22 

with proper circuit elements using in-built EIS equivalent circuit analysis software provided 23 

by PSTrace 5 using the Levenberg-Marquardt algorithm for the whole spectral range. 24 

 25 

 26 

 27 
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2.4. Fabrication of laser scribed graphene interdigitated electrodes 1 

 2 

Three electrode sets of interdigitated electrodes (IDEs) having varying number of fingers 16, 3 

10 and 8 having 200 × 200 µm (width (w) × spacing (s)) size were fabricated on polyimide 4 

film using X-660 laser scriber platform (Universal Laser Systems, Scottsdale, AZ, USA) with 5 

a wavelength of 10.6 µm. The optimized laser power, speed, pulses per inch (PPI), and the Z- 6 

focus distance between laser and the sample were 0.81 W, 5.8 cm s−1, 1000 and 2000 PPI in x 7 

and y direction, and -0.5 mm, respectively. All the laser-induced experiments were performed 8 

under ambient conditions. The fabrication procedure of LIG IDEs was shown in supporting 9 

information (.mp4 video). After fabrication procedures, the electrodes are cut, passivated and 10 

Cu terminal pads were attached for robust EIS measurements (see Figure S1). 11 

 12 

2.5. Synthesis of –COOH terminated polymer nanoparticles for thrombin bindings 13 

Nanoparticle preparation procedure was adapted from literature (Abstiens et al. 2019). In 14 

brief, nanoparticles were manufactured by already known nanoprecipitation. The organic 15 

phase consisted of COOH-PEG5k-PLA10k, MeO-PEG2k-PLA10k, PLGA 13.4k and 16 

acetonitrile, which was injected into vigorously stirred Dulbecco´s phosphate-buffered saline 17 

(DPBS ×0.1, pH 7.4). Acetonitrile was evaporated for 3 hours. Finally, nanoparticles were 18 

washed and concentrated using a Microsep Advance spin filter (Pall Corporation) with an 19 

MWCO of 100 kDa (1200 ×g, 15 min). 20 

 21 

2.6. Synthesis of –COOH terminated liposomes  22 

Liposomes with 8 % carboxy functionalization on the surface were prepared according to an 23 

established protocol (Mayer et al. 2018)  with adjustments towards phospholipid 24 

composition, containing  DPPC (41.9 µM), DPPG (20.3 µM), cholesterol (52.7 µM) and N-25 
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glutaryl-DPPE (9.19 µM) dissolved in a mixture of 3 mL chloroform and methanol. The 1 

remainder of the protocol was as previously reported and detailed in the SI.   2 

 3 

2.7. Aptamer biochip fabrication 4 

The procedure for attachment of thrombin specific aptamers onto the LIG IDEs was adapted 5 

from our earlier reported literature (Fenzl et al. 2017) with minor modifications and the 6 

sequential steps followed are shown in Figure 1. Briefly, a bare LIG IDE was first immersed 7 

in 10 mM 1-pyrenebutyric acid (1-PyBA) in DMSO for 90 min to form a self-assembled 8 

monolayer followed by thorough rinsing with DI water.  The 1-PyBA coated electrodes were 9 

then covered with a mixture of 50 mM EDC and 100 mM sulfo-NHS solution in 10 mM 10 

MES buffer (pH 5.5) for 40 min to form an amine-reactive surface. Next, the electrodes were 11 

rinsed with DI water and reacted with10 µM amine-modified thrombin specific aptamer I (5′- 12 

H2N-C6-GGTTGGTGTGGTTGG-3′) in an aqueous solution consisting of TE buffer pH 7.5 13 

(0.01 M Tris-HCl and 1 mM EDTA) for at least 3 h in a humidity chamber. The electrodes 14 

were rinsed with phosphate-buffered saline (PBS, pH 7) and subsequently, 1% BSA was 15 

added onto the electrodes for 1 h to avoid non-specific bindings for the immunoreactions. 16 

After washing with DI water, the aptamer chip was stored in the chamber at room 17 

temperature. Finally, different amounts of thrombin were dissolved in PBS (pH 6.5) or serum 18 

to obtain final concentrations of 0.01 to 1000 nM and were examined with EIS 19 

measurements. 20 

 21 

2.8. Characterization of liposomes and its conjugations  22 

Dynamic light scattering (DLS) measurements were performed with a 1:100 dilution of 23 

liposomes in HSS buffer resulting in an approximate phospholipid concentration of 100 µM. 24 

A disposable micro cuvette was filled with 1 ml of the suspension and analyzed with the 25 
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particle sizer in the backscattering mode at an angle of 173° (Malvern Zetasizer Ver.7.11) at 1 

25 °C after an equilibration time of 70 s. After 10 consecutive measurements, the Z-average 2 

(d.nm) and a polydispersity index (PDI) were extracted from the autocorrelation data. Also, 3 

the electrophoretic mobility of the purified liposomes was measured with the same 1:100 4 

dilution of liposomes in HSS buffer. A folded capillary cell (Malvern DTS1070) was filled 5 

with ∼800 µL of the liposome dispersions and equilibrated to 25 °C for 70 s. The mean 6 

electrophoretic mobility was determined by laser Doppler velocimetry with the Zetasizer 7 

nano series. The Smoluchowski model was employed to determine the zeta potential of the 8 

dispersions (Fenzl et al. 2015). 9 

 10 

2.8. Aptamer conjugation with carboxy liposomes (LPs), carboxy polymers NPs (PNPs) for 11 

thrombin bindings  12 

 13 

Briefly, 100 µL of the carboxy-nanoparticles as prepared in section 2.5 were added with 100-14 

fold molar excess of EDC and NHS mixed with a solution containing 20 µL of 50 mM EDC 15 

and 100 mM sulfo-NHS mixture and the reaction mixture was gently vortexed and left for 40 16 

min at 25 °C to form amine-reactive group on the particle surface. Afterward, 10 µL of 10 17 

µM aptamer II (5′-H2N-AGTCCGTGGTAGGGCAG GTTGGGGTGACT-3′) in TE buffer 18 

solution was added in a vial and kept for incubation at r.t. (room temperature) for approx. 3 h. 19 

Aptamer conjugated polymer particles colloids were finally rinsed by centrifuging (6000 × g, 20 

7 min) and resuspended in 10 mM PBS buffer solution to remove excess aptamers, EDC and 21 

unreacted salts. The aptamer conjugation on PNP surfaces then added with different 22 

concentrations of thrombin for capacitance measurements. Likewise, the same protocol as 23 

described was adopted for the aptamer bindings with liposomes, except the form liposome 24 

dilutions were performed in 0.1 M glycine-NaOH pH 8.6 (Osmolality 0.52 osmol/kg) and the 25 
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aptamer bound liposomes after 3 h incubation period, each sample solution was subjected to 1 

dialysis against deionized water for 2 h using 2000 MWCO (molecular weight cut-off) 2 

dialysis tubes to remove unreacted EDC, aptamers, and buffer salts. 3 

 4 

3. Results and discussions 5 

 6 

3.1. Characterization of LIG IDEs, polymer nanoparticles, and liposomes. 7 

 8 

All components of the biosensor were characterized using scanning electron microscopy 9 

(SEM) and in the case of the nanoparticles and liposomes also via dynamic light scattering. 10 

Top views of the electrodes display the expected highly structured porous carbon film (Fig. 11 

2a), whereas the cross-sectional view (Figure 2b) shows the sheet-like structure of the 12 

graphene layer with a thickness of 45 µm. SEM analysis of the carboxy terminated polymer 13 

nanoparticles shows uniformly sized particles around 60 nm evenly distributed over the entire 14 

surface (Figure 2c) which agrees with the DLS analysis shown in the inset of Fig. 2c. 15 

Furthermore, the SEM analysis on the liposomes shows spherical shaped particles formed on 16 

the substrate (Figure 2d) and the diameters of the liposomes are consistent with the results of 17 

dynamic light scattering (inset of Fig.2d). Observed size variations in the SEM image are 18 

likely caused by the drying and staining process. 19 

 20 

 21 

3.2. Sensing mechanism, sensor structure and characterization of LIG IDEs 22 

 23 

 24 

Previous research in our group indicated that LIG electrodes demonstrate a surprisingly high 25 

performance at low-frequency ranges in electrochemical impedance-based studies with cell 26 

monolayers (data not published yet). This finding was exploited here to develop capacitance-27 

based biosensors using aptamers as biorecognition elements. First, various specifications of 28 

interdigitated electrodes (IDEs) were fabricated, generally characterized (Fig. 2 and 3) and 29 

evaluated as an actual transducer in the biosensing detection of thrombin in PBS and serum 30 
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samples (Fig. 4). Specifically, Figure 3(a-c) shows the IDE sensors with the same 1 

interdigitated structure of 0.2 × 0.2 mm (width (w) × spacing (s)), however, with overall 2 

different sizes due to changing numbers of electrode arms (16 (electrode 1), 10 (electrode 2), 3 

8 (electrode 3)).  When a bare, porous IDE is immersed in an electrolyte solution, 4 

neighboring fingers can be approximated by an equivalent model as shown in Figure 1b, 5 

indicating mainly four electrochemical processes (Cheng et al. 2016; Ogihara et al. 2015), (i) 6 

mixed conduction with both electron and ion species as electric resistance (Re), electrolyte 7 

bulk resistance (Rsol), and ionic resistance in pores (Rion); (ii ) interfacial capacitance between 8 

electrode and electrolyte (Cint) arises from the electric double layer, electrolyte capacitance 9 

(Cs); (iii ) charge-transfer resistance between electrode and electrolyte as Rct; and (iv) mass 10 

transfer to compensate for charge as diffusion. Among these parameters, Cint is of greatest 11 

interest for biosensing strategies as it correlates to molecular depositions and nanostructure 12 

morphologies (see Figure S2). Thus, for the given impedance network the equivalent circuit 13 

can be simplified as a series connection of two interfacial capacitance (Cint) and the 14 

combination of ion resistance in pores (Rion) with electrolyte bulk resistance (Rs) (Fig. 1b). 15 

Furthermore, since the two Cint observed are in series, we can simplify and define the 16 

equivalent capacitance as Ceq=Cint/2.  It can, therefore, be concluded that the measured 17 

impedance on each LIG electrode is ZLIG-IDE=R – j/ωCeq, where j is the imaginary unit (√-1), 18 

and ω is the angular frequency.  19 

Further, the observed impedance can be fitted to the R-CPE equivalent model, in which the 20 

constant phase element (CPE) is defined as  21 

 CPE = 1 / T(jω)P       (3) 22 

Here, j is the imaginary unit and T is equivalent to the capacitance (Cint) of a perfect 23 

capacitor. The coefficient P varies between 0 and 1, where P = 1 represents the impedance of 24 
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an ideal capacitor. T has units of capacitance (F); in case P < 1, T has units of F/s(1-P) 
1 

(Castiello et al. 2019).  2 

The Bode plots ( |Z|, ϕ vs. f ) of all three types of electrodes were measured when immersed 3 

in 10 mM PBS and the obtained spectra were fitted to the model shown in the inset of Figure 4 

3d. Additionally, the measured Bode plots were converted into complex capacitance plot (C′ 5 

vs C″) by using eq.1 and 2 shown in Figure 3e. From the fitting analysis, the extracted values 6 

of -total ionic and solution resistance (R) and the constant phase element (CPE) are given in 7 

Table 1.  Not surprisingly, a decreased impedance magnitude (|Z|) was observed for electrode 8 

1 in comparison to the higher |Z| for electrode 3, which suggests that electrode 1 possessed 9 

more electroactive surface area with a higher mass transport rate. It can also be seen from 10 

Figure 3d that at high frequencies (1 MHz to 100 Hz) the capacitive element is negligible, 11 

and |Z| is equal to Rs. At lower frequency (100 to 0.1 Hz), the capacitive contributions 12 

become much greater than the solution resistance and the overall impedance observed is 13 

mainly due to the capacitive behavior of the electrode sensor, which is equivalent to 14 

Z=1/ωCeq. The complex capacitance plots enabled better estimation of the electrode 15 

capacitance (see Fig. 3e) and show that electrode 1 possessed an almost 3x higher 16 

capacitance (110 µF) than electrode 3 (40 µF) when the physical area is only 2× higher. This 17 

clearly suggests that the obtained spectra are in a simple correlation of C = ε A/d (where A is 18 

the electrode area, ε the permittivity of the medium, and d is the distance between the 19 

electrode fingers) which also holds true for such highly porous electrode structures. Further 20 

studies were performed to examine the electrode sensitivity for their applications in other 21 

electrolytes (Figure S2(a,b)). The experimental data were fitted with ([R-CPE]C) equivalent 22 

circuit model (Fig. S2(d)) and the extracted values were presented in Figure S2(c). It is 23 

noteworthy when both are compared, the smaller electrode is found to be less sensitive as it 24 

couldn’t show any significant changes for any solvent except 10 mM PBS.   25 
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 1 

 2 

 3 

3.3. Characterization of the chemical and biological modification steps of the IDEs  4 

 5 

Careful analysis of chemical and biological surface modifications of the IDEs assists in 6 

optimizing each single modification step (Fig. S3). Thus, the IDEs were analyzed after each 7 

step via EIS in 10 mM PBS pH 6.5 and analyzed using Nyquist (complex capacitance) plots 8 

(Fig. 4(a, b)) and corresponding Bode plots (Fig. S4, S5) for both bigger (no. 1) and smaller 9 

(no. 3) electrodes. The detection principle of a capacitive biosensor is based on measuring the 10 

level of capacitance change between interdigitated electrode pairs induced by the change in 11 

dielectric constant (relative permittivity) due to affinity-based electron exchange in between 12 

aptamers/antigens and electrodes. The more aptamer-antigens binding occurs, the more 13 

capacitance change is measured due to the change in the dielectric constant of the capacitance 14 

media. The Nyquist plots of the bare electrodes show the expected semicircle in which the 15 

diameter corresponds to the change in capacitance of the electrode and a straight line, which 16 

is due to the mass transfer of ions in the low-frequency region caused by the porous nature of 17 

the electrode material. 1-Pyrenebutric acid (1-PyBA) films double the overall capacitance 18 

due to the highly charged nature of this film. Activation with EDC-NHS forms a less charged 19 

amide bond and together with subsequent immobilization procedures with aptamer and BSA, 20 

the net capacitance tends to decrease as more and more blockage of the surface occurs. 21 

However, upon binding to thrombin, the aptamer folds into a configuration (Cunningham et 22 

al. 2014) which sequesters Th, reduces its access to the electrode surface which in turn results 23 

in an increase in capacitance. Besides, aptamer carries a negative charge due to the phosphate 24 

group (Deng et al. 2014) and, the isoelectric point of thrombin is high, and that thrombin is a 25 

cation at the pH of the blood. It was also found that thrombin adsorbs readily to surfaces, 26 

especially negatively charged surfaces (Berg et al. 1979).The capacitance change for both 27 

bigger (Elec 1) and smaller electrode (Elec 3) upon modifications with SAM layers and 28 
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subsequent binding with Th was found for 1-PyBA (68.36, 27.20 µF), EDC/NHS (54.2, 20.2 1 

µF), aptamer (59.0, 18.4 µF), BSA (42.8, 17.6 µF), Th (50.9, 18.3 µF) respectively. Only 2 

limited optimization of existing protocols published earlier were needed for the separate 3 

modification steps as outlined in the methods section.  4 

DLS measurements (Figure 4c) yielded a size of 156 nm ± 48 nm with a polydispersity index 5 

of 0.08 ± 0.01, zeta potential measurements (Figure 4d) yielded a surface charge of -34.9 mV 6 

± 1.8 mV and ICP-OES measurements yielded a phospholipid concentration of 8.9 ± 0.04 7 

mM. The biological modification of both liposomes and nanoparticles was also followed 8 

using DLS and zeta potential measurements. The original hydrodynamic diameter of –COOH 9 

liposomes (142.8 nm with a polydispersity index (PDI) of 0.08) increased with additional 10 

modification with the aptamer (144.7 nm (PDI of 0.084)) and after binding to 1 µM thrombin 11 

(146.9 nm (PDI of 0.087)). The original zeta potential of the –COOH-liposomes (−34.2 ± 2.1 12 

mV) decreased indicating the loss of free carboxy groups to −17.6 ± 1.06 mV after aptamer 13 

conjugation and −16.02 ±1.02 mV after binding to thrombin. Similarly, the hydrodynamic 14 

diameter of the original polymer nanoparticles (60.77 nm (PDI of 0.125)) increased after 15 

aptamer modification (62.47 nm (PDI of 0.145)) and binding to 1 µM thrombin (65.83 nm 16 

(PDI of 0.187)). Also, the zeta potential followed the expected trend decreasing from the 17 

original −10.29 ± 0.31 mV to −8.1 ± 0.38 mV and −8.05 ±0.25 mV. 18 

 19 

3.4. Detection of thrombin with its conjugated nanoparticles in PBS and serum 20 

 21 

 22 

The optimized biosensors were then used for the detection of thrombin in PBS and in serum 23 

samples. Here, label-free and label approaches (liposomes and nanoparticles) were compared 24 

on the large (Fig. 5a-c) and small IDE transducers (Fig. 5d-f) generating Nyquist capacitive 25 

plots for the thrombin concentrations tested ranging from 0.01 to 1000 nM (Figure 5a-f). The 26 

capacitive responses obtained from the impedance analysis were linear over the measured 27 
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concentration range resulting in an increase of the real part of capacitance (��) with an 1 

increasing concentration of thrombin. This phenomenon of change in capacitance is in 2 

agreement with earlier reports using the EIS method (Meini et al. 2012). The change in 3 

capacitance	�∆� = ������
� − �������

� � (Kuo et al. 2018) was evaluated in more detail (Figure 4 

S6) which positively relates to the thrombin concentration for all combinations of 5 

measurements. The most significant change in ∆C was observed at 0.5 Hz thus, ∆Cat 0.5 Hz was 6 

recorded after each addition of thrombin to determine the sensor sensitivity and detection 7 

limit. Linear fit lines where y is ∆Cat 0.5 Hz  and  x is the concentration of thrombin in ng/mL 8 

were obtained for all variations, i.e. the small electrode label-free (y = 0.259x + 3.22) with 9 

nanoparticles as label (y = 0.395x + 4.67) or liposomes as label (y = 0.686x + 8.01); and the 10 

bigger electrode label-free (y = 0.591x + 7.81), with nanoparticle (y = 0.855x + 11.9) or 11 

liposomes (y = 1.02x + 14.1). The limit of detection (LOD) was experimentally obtained 12 

(3.3Sb/m)(Hayashi et al. 2004), and found to be 0.12 pM; where Sb is the standard deviation 13 

of the measurement signals on the bare electrode and m is the slope of the analytical curve. 14 

All data are summarized in Table 2.  It can be seen that (i) all the biosensing strategies 15 

demonstrate a large dynamic range (5 orders of magnitude), (ii ) extremely low limits of 16 

detection especially when compared to previously developed thrombin sensors (Table 3), (iii ) 17 

and that the addition of labels lowers the LOD and increases the sensitivity, but only 18 

minimally. It is assumed that the highly porous nature of the LIG structures dominates the 19 

capacitive response so that labels removed from the surface only have limited influence (iv) 20 

The difference between results obtained by larger and smaller IDE structures is also minimal. 21 

It can be concluded that the LIG IDEs are very well suited for capacitive sensing and can be 22 

adapted in size to the experimental set-up needed.  23 

 24 
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The clinical applicability of the sensor was investigated by determining thrombin in undiluted 1 

fetal bovine serum samples using aptamer immobilized on the larger electrode design (no. 1). 2 

Different concentrations of thrombin (0.01 to 1000 nM) were spiked into serum and applied 3 

to the sensor (Figure S7(a,b)). As can be seen, when compared to calibration plots obtained 4 

from analysis in PBS, minimal matrix effects are observed which is due to the BSA blocking 5 

step included in the IDE surface modification (Figure 6c). The response found was linear 6 

with a regression equation of y = 0.611x + 7.68; R2=0.990 (x: nM, y: ∆Cat 0.5 Hz); with a LOD 7 

estimated to be 1.3 pM, which is only 10x higher than the best LOD determined in PBS and 8 

below the required clinical of 1 nM (Wolberg and Campbell 2008).   9 

 10 

3.5. Stability and reproducibility of the LIG IDEs for practical applications 11 

 12 

 13 

In order to examine the selectivity of the sensor, negative control experiments were 14 

performed using electrodes missing the anti-thrombin aptamer (i.e. BSA/1-PyBA/IDEs). 15 

Again, different thrombin concentration was incubated with the sensors resulting in no 16 

measurable change in capacitance. For long-term stability studies, the BSA/Aptamer/1-17 

PyBA/IDE electrodes were kept at 4 °C in 10 mM PBS in a humid chamber after each 18 

impedance measurement. Surprisingly, the electrode retained ~98% of its initial response 19 

even after 7 weeks, indicating a highly robust biosensor structure.  In addition, 20 

reproducibility (expressed as the % relative standard deviation (% RSD) of repetitive 21 

measurements (n=5) of the developed thrombin immunosensor was examined. The intra-22 

assay precision of the immunosensor was examined by detecting 1 µM thrombin in three 23 

replicate measurements, whereas the inter-assay precision was evaluated by measuring 10 24 

µM of thrombin in three independently prepared BSA/Aptamer/1-PyBA/IDEs. The intra- and 25 

inter-assay RSD were found to be 4.9 % and 2.6 % respectively, thereby indicating 26 

acceptable levels of precision and reproducibility. 27 
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 1 

4. Conclusion 2 

 3 

 4 

By developing high-quality LIG electrodes for capacitance-based detection of thrombin in 5 

complex biological matrices, we could clearly demonstrate that these novel electrodes are 6 

extremely well suited for such challenging bioanalytical strategies. Their excellent surface 7 

qualities, i.e. graphene-like material and high inherent porosity, enable superb capacitive 8 

sensing in the low-frequency range and result in ultralow limits of detection without the need 9 

for additional labels. In fact, it is assumed that the overall sensitivity of the electrode 10 

observed by Ceq is mainly influenced by the porosity of the electrode as only little 11 

contributions from the nanolabels were observed. Interestingly, these LIG characteristics 12 

important for capacitive sensing are not influenced by geometrical parameters such as 13 

electrode size and therefore allow for highly flexible biosensor and bioassay design.  14 

LIGs have been used already in voltammetric detection strategies, similarly, taking advantage 15 

of the large inherent electrode surface area. However, our simple, label-free capacitive 16 

strategy offers better limits of detection than amperometric detection of thrombin on porous 17 

electrode surfaces (Sun et al. 2014) or those with graphene oxide as an enhancer (He et al. 18 

2014). It can thus be concluded that capacitive LIG sensors being reagentless, fast, and highly 19 

sensitive, are readily expandable to biorecognition elements such as antibodies (You et al. 20 

2020), DNA or even for the direct detection of biomarkers(Hui et al. 2019). Furthermore, 21 

their simple and inexpensive fabrication procedure easily enables a multiplexed format. We 22 

thus believe that the extraordinary LIG capabilities in conjunction with nanoprobes are ideal 23 

for the development of electrochemical point-of-care diagnostic tools. 24 

 25 

 26 
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Table 1 13 

 14 

Extrapolated values of the equivalent circuit elements (CPE) from the fitting results for 15 

Figure 2(d,e). 16 

 17 

LIG IDEs Rs [Ω]                    CPE  

  T [× 10-6 Ω-1. sP] P 

Electrode 1 865.7 (0.69) 117.7 (1.49) 0.703(0.87) 

Electrode 2 751.3 (0.92) 61.36 (1.81) 0.737 (0.88) 

Electrode 3 768.1 (1.03) 43.30 (2.0) 0.761 (0.89) 

Values in brackets indicated the error % 18 
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Table 2 23 

 24 

Comparison of the LOD obtained with both electrodes for thrombin in the label-free and the 25 

labeled format with polymer nanoparticles (PNPs) and liposome (LP), respectively 26 

 27 

 In PBS In serum 

LOD (pM) Smaller Bigger Bigger 

Th. 0.8 0.85 1.3 

Th. with PNPs 0.7 0.78 - 

Th. with LPs 0.66 0.12 - 

 28 
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Table 3 21 

 22 

Comparison of sensor characteristics in the present work with previously reported literature 23 

for thrombin detection 24 

 25 

Materials Method Analytical 
range 

LOD Ref.  

Graphene nano 
composite 

Impedance 
spectroscopy 

0.3 to 50 nM 0.01 nM (Wang et al. 
2015) 

Interdigitated 
electrodes 

Impedance 
spectroscopy 

1 pM-30 nM 1 pM (Chen et al. 
2019) 

Aptamer 
conjugated Au 
nanoparticles 

Impedance 
spectroscopy 

0.1 nM- 30 nM 0.013 nM (Li et al. 2011) 

Au electrode in 
microfluidic 
chip 

Impedance 
spectroscopy 

0.1-100000 
ng/mL 

0.1 ng/mL (Limi et al. 
2017) 

Hybridization 
chain reaction 

Differential 
pulse 
voltammetry 

10 fM - 1.0 nM 3.5 fM (Wang et al. 
2017) 

LSG electrode Differential 
pulse 
voltammetry 

- 1 pM (Fenzl et al. 
2017) 
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Toehold-
mediated strand 
displacement 
reaction-based 
binding 

Differential 
pulse 
voltammetry 

0.05 nM–100 
nM 

23.6 pM (Yang et al. 
2018) 

Cu2O@aptamer Impedance 
spectroscopy 

0.1 to 50 ng/mL 0.01 ng/mL (Zhang et al. 
2015) 

Pencil graphite 
electrode 

Impedance 
spectroscopy 

- 19 nM (Eksin et al. 
2015) 

Liposomes with 
LIG electrodes 

Impedance 
spectroscopy 

0.01 – 1000 nM 0.12 pM Present work 

 1 

 2 

 3 

 4 

 5 

 6 

Figure captions 7 

 8 

 9 

Figure 1: (a) Step I: Schematic illustration shows the summary of all aptamer immobilization 10 

chemistries for the formation of thrombin receptive interface, step II: schematics represent 11 

thrombin and thrombin bound to polymer nanoparticles and to liposome for capacitive 12 

sensing strategies; (b) an equivalent circuit model considering two arms of an IDE electrode 13 

and simplified equivalent circuit model for the overall capacitance of the developed sensor. 14 

 15 

Figure 2: SEM images show the morphology of (a) two IDE arms of the fabricated 16 

electrodes and its (b) cross-sectional view of the electrode; (c, d) SEM images of polymer 17 

nanoparticles and liposomes, inset of each image shows the size distribution of the particles 18 

obtained from DLS measurements. 19 

 20 

Figure 3: (a-c) Optical image of three different sized IDEs having finger width of 0.2 mm 21 

having separation gap of 0.2 mm in each electrode; d) Bode plots (|Z|, ϕ vs f) obtained for the 22 
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same three electrodes in 10 mM PBS over a frequency range of 1 MHz to 0.1 Hz, inset shows 1 

the digital picture of the three fabricated IDE electrodes; e) complex capacitance plot derived 2 

from the impedance measurements shown in figure (d) with each data point expressed as 3 

mean ± SD of impedance measurements on four different electrodes.  4 

 5 

Figure 4: Nyquist plots (C′ vs. C″) obtained after surface modification procedures on (a) 6 

bigger and (b) smaller electrodes for bare IDE (�), 1-PyBA(�), EDC-NHS(�), aptamer(�), 7 

BSA(�) and thrombin(◄), each in a 10 mM PBS pH 6.5; (c) hydrodynamic z-average size 8 

and (d) ζ-potential of polymeric nanoparticles and liposomes functionalized with aptamer and 9 

subsequent modifications with thrombin. 10 

 11 

Figure 5: Nyquist capacitive plots observed on smaller (no. 3, (a-c)) and bigger electrodes 12 

(no. 1, (d-f)) depicting the increment in real part of capacitance (C′) by the exposure to 13 

different thrombin concentrations ranging from 0.01 nM to 1000 nM for (a,d) the label-free 14 

format; (b,e) the polymer nanoparticle format; and (c,f) the liposome labeled format, all 15 

measured in PBS (10 mM, pH 6.5). 16 

 17 

Figure 6: Calibration curve obtained for the developed sensor for both (a) bigger (no. 1) and 18 

(b) smaller electrodes (no. 3) showing ∆C at 0.5 Hz measured with respect to the thrombin 19 

concentration; (c) Calibration curve for thrombin capacitance sensors obtained at ∆C at 0.5 20 

Hz for various concentrations of thrombin in PBS (Th -PBS) and serum (Th-serum). Data 21 

points are expressed as mean ± SD of four replicate measurements and linearly fitted; (d) 22 

complex capacitance plots recorded of aptamer‐free IDEs (negative control) after incubation 23 

in a solution containing 1 µM thrombin for 30 min. NB: all the other functionalization steps 24 

were undertaken except incubating the IDE with aptamer probes. (e) Non-faradaic EIS Bode 25 
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plots; and (f) corresponding real part of capacitance extrapolated from electrode modified 1 

with aptamer as recorded at different time intervals in PBS (10 mM, pH 6.5). Excellent 2 

interfacial stability is evident as the relative standard deviation for the capacitance was less 3 

than 0.5 %. 4 
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Highlights 
 

Laser-induced graphene interdigitated electrodes for label-free or 

nanolabel-enhanced highly sensitive capacitive aptamer-based biosensors 

 

� Changes in interfacial capacitance (Cint) influenced the overall |Z|, which allowed 

highly sensitive detection of thrombin on LIG electrodes. 

� LIG porous electrodes increased the overall sensitivity of the assay with little 

contributions from nano-labels needed.  

� The sensor possessed an LOD of 0.12 pM with a dynamic range of 0.01 – 1000 nM. 

� Sensors showed excellent performance for selective and sensitive detection of 

thrombin with good reproducibility (RSD, 4.90 %) and repeatability (2.59 %). 
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