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Abstract: In this work, germanene and its derivatives (Ge-H, Ge-CH3, Ge-C3-CN) were explored as 

electrochemical impedimetric platforms to develop a competitive immunoassay for the direct de-

tection of gut-derived metabolites, kynurenic acid (KA) and quinolinic acid (QA). The competition 

occurs between the free KA/QA standards and BSA-conjugated antigens for a fixed amount of pri-

mary antibody binding sites. This affects the electron transfer rate of the [Fe(CN)6]3-/4- redox couple 

and changes the charge transfer resistance (Rct) on the electrode surface. The impedimetric signal 

measured due to the change in Rct is then correlated to the KA and QA concentration.  
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1. Introduction 

Recently, abnormal levels of some gut-derived metabolites, kynurenic acid (KA) and 

quinolinic acid (QA) were found to be associated with neurodegenerative disorders like 

dementia, Alzheimer’s and Parkinson’s diseases [1,2]. These neurological disorders have 

affected more than 1 billion people worldwide and resulted in close to 7 million deaths 

yearly [3]. Chromatographic techniques and enzyme-linked immunosorbent assays are 

mostly reported in the literature to determine KA and QA [4,5]. Nevertheless, these ap-

proaches are still expensive, time-consuming, involve bulky equipment and technical ex-

pertise and they may suffer from poor sensitivity and stability [2,6,7]. Therefore, it is clin-

ically significant to develop economical, portable, rapid and sensitive analytical methods 

to detect KA and QA as potential disease biomarkers for early screening and diagnosis.  

Lately, among the 2D nanomaterials under Group 14, germanene derivatives with 

covalently terminated groups have received particular attention within the scientific com-

munity due to their increased chemical reactivity, attractive electronic and optical prop-

erties as a result of their surface functionalization [8-11]. Consisting of a hexagonal hon-

eycomb buckled structure with sp2/sp3-hybridized groups [8,9,11], existing studies have 

demonstrated on the bioconjugation and biorecognition abilities of germanene-based na-

nomaterials with oligonucleotides and aptamers [9,10]. Thus, in this work, we would like 

to explore different nanosized germanene and its derivatives as competitive electrochem-

ical immunosensors for the direct detection of gut-derived metabolites, KA and QA as 

biomarkers, using disposable screen-printed carbon electrodes for the impedimetric de-

tection. The change in charge transfer resistance (Rct) of the modified electrode surface 

will be correlated to the presence and absence of the analyte. So far, germanene-based 
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nanomaterials have not been employed for such biosensing applications yet. Hence, this 

study also aims to shed light on the novel bioconjugation abilities of germanene-based 

nanomaterials with antigens and antibodies, as well as to highlight a promising applica-

tion in the detection of gut-derived metabolites as disease biomarkers.  

2. Materials and Methods 

Using 0.5 g of the precursor compound CaGe2, Ge-H was obtained through topo-

chemical deintercalation of calcium with 100 mL of 35% hydrochloric acid at -300C. The 

resulting product was isolated via filtration at the end of 10 days and purified with water 

(5 x 200 mL) and MeOH (2 x 100 mL). Both Ge-CH3 and Ge-C3-CN were synthesized 

through the exfoliation of 0.5 g of the precursor compound CaGe2 via a two-phase water-

alkyl halide system for 10 days. Ge-CH3 utilized a water/methyl iodide (5 mL) system 

while Ge-C3-CN employed a water/4-bromobutanenitrile (5 mL) system. Both systems 

were kept in the dark under inert argon conditions for 7 days. Finally, the respective prod-

ucts were filtered and purified with acetone (1 x 100 mL), 1 M HCl (2 x 100 mL), water (5 

x 200 mL) and MeOH (2 x 100 mL). 

37% hydrochloric acid, human serum (sterile-filtered from human male AB plasma, 

USA), kynurenic acid (KA), potassium hexacyanoferrate(II) trihydrate 

(K4[Fe(CN6)]·3H2O), potassium hexacyanoferrate(III) [K3Fe(CN)6], sodium chloride 

(NaCl), sodium hydroxide pellets, sodium phosphate dibasic dihydrate (Na2HPO4·2H2O) 

and TWEEN®  20 were bought from Sigma Aldrich (Singapore). Quinolinic acid (QA) was 

obtained from Cayman Chemical (USA). Antigen-antibody pairs purchased from MyBio-

Source (USA) consisted of bovine serum albumin (BSA)-conjugated kynurenic acid (BSA-

KA), polyclonal rabbit anti-general kynurenic acid primary antibody (AntiKA), BSA-con-

jugated quinolinic acid (BSA-QA), polyclonal rabbit anti-general quinolinic acid primary 

antibody (AntiQA) and none-linked caprine anti-rabbit immunoglobulin G polyclonal 

secondary antibody (AntiIgG). Milli-Q ion exchange column (Millipore) supplied ul-

trapure water (resistivity value of 18.2 MΩ-cm at 250C) that was used in all experiments. 

Disposable screen-printed carbon electrodes were purchased from BioDevice Technology 

(Japan). 

Electrochemical impedance spectroscopy (EIS) was conducted on a µAutolab type III 

instrument with a frequency response analyzer (FRA2) module (Eco Chemie, Nether-

lands). A sample volume of 20 μL was analyzed on a screen-printed electrode that con-

sisted of a working carbon electrode, Ag/AgCl reference electrode and counter electrode 

at room temperature. EIS measurements were performed at a frequency range of 100 kHz 

to 100 mHz and modulation amplitude of 10 mV to obtain the Nyquist’s plot where the 

data was fitted with the [Rs(RpC)] equivalent circuit using NOVA 1.10 software. A con-

stant phase element (C) was adopted due to the non-ideal behavior of the interface used. 

Rs (Ω) simulates the resistance of the solution while Rp (Ω) simulates the polarization re-

sistance which is referred to the Rct. 10 mM [Fe(CN)6]3-/4- in phosphate buffer solution, PBS 

(5 mM K4[Fe(CN6)]·3H2O, 5 mM [K3Fe(CN)6], 0.1 M NaCl, 0.01 M Na2HPO4·2H2O, pH = 

7.4) was used as the electrolyte. All three germanene-based nanomaterials were charac-

terized with Fourier Transform Infrared Spectroscopy (FTIR) Shimadzu (Japan). 300 mg 

of KBr powder and 1 mg of germanene material were finely ground and mixed in a mortar 

and pestle and transferred to a hand press to obtain the KBr pellet for analysis. Measure-

ments of 50 scans were recorded for a wavelength range of 400 cm-1 to 4000 cm-1 and at a 

resolution of 4 cm-1. Images on the size and morphology of the germanene-based nano-

materials were captured using the transmission electron microscopy (TEM) JEOL JEM 

1400 (Japan) with an accelerating voltage of 100 kV and Gatan Rio9 camera in combination 

with the Gatan DigitalMicrograph 1.18.2 software (USA). 3 µL of 0.5 mg/mL germanene 

material was drop-casted on 200-mesh lacey copper grid and dried at room temperature.  

The experimental protocol was adapted from our previous work [12] with the fol-

lowing modifications. After 1 mg/mL germanene-based nanomaterial has been physically 

adsorbed onto the screen-printed carbon electrode, 3 µ L of BSA-conjugated antigen (BSA-

KA: 20 µg/mL; BSA-QA: 30 µg/mL) was drop-casted onto the electrode surface and dried 
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under the heat lamp for 30 minutes. Thereafter, a 5-minute washing step of 0.01 M PBS 

(pH = 7.4) was carried out at room temperature to wash off any unbound antigen in excess. 

Next, the material-antigen modified electrode was incubated at 370C in a mixture of equal 

volumes of primary antibody (AntiKA: 20 µg/mL; AntiQA: 30 µg/mL) and free KA/QA 

standards (final volume = 100 µL). After an hour of incubation, two 5-minute washing 

steps of 0.01 M PBS + 0.05% Tween 20 (pH = 7.4) and 0.01 M PBS (pH = 7.4) were each 

performed at 370C to reduce non-specific antibody binding and rinse off any unbound 

primary antibodies in excess. Finally, the material-antigen-primary antibody modified 

electrode was incubated at 370C in AntiIgG secondary antibody solution (20 µg/mL for 

KA detection; 15 µg/mL for QA detection). Likewise, at the end of one hour incubation, 

two 5-minute washing steps of 0.01 M PBS + 0.05% Tween 20 (pH = 7.4) and 0.01 M PBS 

(pH = 7.4) were each performed at 370C to minimize non-specific antibody binding and 

remove any unbound AntiIgG in excess. Rct were measured after each immobilization step 

for comparison: (a) material, (b) antigen, (c) primary antibody, (d) secondary antibody. 

All incubation and washing steps were carried out at 300 rpm in the TS-100 Biosan ther-

moshaker.  

3. Results and Discussion 

3.1. Characterization of germanene-based nanomaterials  

3.1.1. FTIR  

With reference to Figure 1, Ge-H exhibited Ge-H wagging vibrations at 559 cm−1, 498 

cm−1, 470 cm−1 and strong bending GeH2 group vibrations at around 866 cm−1 [9-11,13]. Ge-

CH3 displayed bending C-H vibration at 1402 cm−1, C-H vibrations of methyl group at 766 

cm−1 and Ge-C stretching band at 550 cm−1, which confirms on the successful covalent at-

tachment of the methyl groups onto the germanane sheet [9-11,14]. Similarly, Ge-C3-CN 

also showed many C-H bending and rocking vibrations in the wavelength range of 1404–

752 cm−1 [9,14]. The presence of the weak CN peak at 2297 cm−1, Ge-C stretching vibration 

at 588 cm−1 and Ge-H vibrations at 500 cm−1, 492 cm−1 indicated on the successful covalent 

functionalization of the characteristic groups in Ge-C3-CN [9,14,15]. The Ge-C3-CN spec-

trum had trace amount of water present at around 3426 cm−1 (O-H stretching vibration) 

which could be due to some moisture inevitably being absorbed during sample prepara-

tion and analysis. Overall, these FTIR results serve as an affirmation on the successful 

synthesis of the various functionalized germanene-based nanomaterials used in our 

study. 

 

Figure 1. FTIR spectra of Ge-H, Ge-CH3 and Ge-C3-CN (using KBr pellet as blank). 

3.1.2. TEM  

Figure 2 depicted smooth sheet-like pieces with a few stacked layers for Ge-H, Ge-

CH3, Ge-C3-CN, which were consistent with the published literature on germanene mor-

phologies [8-10]. From Figure 2, the lateral size of Ge-H was approximately 217 nm while 

the lateral sizes of Ge-CH3 and Ge-C3-CN were 867 nm and 1133 nm respectively. It is 

worth noting on the differences in material size as it could potentially influence the 
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material’s bioconjugation ability with biomolecules and the detection sensitivity towards 

the analyte. 

   
(a) (b) (c) 

Figure 2. TEM images of germanene-based nanomaterial on lacey carbon supported copper grids (a) Ge-H; (b) Ge-CH3; 

(c) Ge-C3-CN. 

3.2. Performance of germanene-based nanomaterials  

To select the best performing germanene-based nanomaterial to proceed with the 

calibration study, the change in Rct signals of Ge-H, Ge-CH3 and Ge-C3-CN were measured 

and compared at the last step, after the addition of the secondary antibody, AntiIgG. 

Among the three germanene-based nanomaterials, it seems like Ge-H is the ideal ma-

terial to be used in this study. Even though Ge-H was the smallest in size and functional-

ized with the smallest hydrogenated group as shown in Figures 1 and 2, it was able to 

produce the highest signal in terms of Rct difference with respect to the material (Figure 

3b). This suggests that Ge-H was the most sensitive towards the addition of antigens and 

antibodies since it gave the largest change in Rct upon the interaction with the secondary 

antibody, AntiIgG at the final step. The size and type of functional groups could play a 

part in this phenomenon. As mentioned previously in Figures 1 and 2, Ge-CH3 and Ge-

C3-CN were much larger in size and contained the methyl and cyanopropyl substituents 

respectively. This might have resulted in Ge-CH3 and Ge-C3-CN to be more sterically hin-

dered than Ge-H, which could slow down the heterogenous electron transfer of the mate-

rials and affect their sensing performance.   

 

Figure 3. (a) General structure of germanene and its derivatives; (b) Rct variations of Ge-H, Ge-CH3 

and Ge-C3-CN. Conditions: 1 mg/mL germanene-based nanomaterial, 0.01 mg/mL BSA-KA, 50 

μg/mL AntiKA and 50 μg/mL AntiIgG, 10 mM [Fe(CN)6]3-/4- in PBS buffer (pH 7.4). 

3.3. Calibration study 

The detection principle of the proposed electrochemical immunosensor is primarily 

based on the competition between the free antigens in the solution and the BSA-conju-

gated antigens immobilized onto the modified electrode surface. As the concentration of 

the free standards in the mixture increases, there will be more interaction between the free 

standards and primary antibodies. Consequently, fewer primary antibodies will be left on 

the electrode surface to interact with the secondary antibodies that were added subse-

quently. Since the electron transfer process of [Fe(CN)6]3-/4- redox couple on the screen-

printed electrode surface is now less hindered, a lower Rct will be measured. Thus, this 

accounts for the downward trend observed for both KA and QA (Figure 4).  
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Based on the high slope values (1160—2151 Ω/(μg/mL)) obtained from the calibration 

plots, the Ge-H immunosensor was sensitive in the detection of KA and QA. Besides, it 

was able to achieve strong linearity (0.9597—0.9750) and low limits of detection of 0.08—

27 ng/mL (0.42—161 nM) in the detection of KA and QA. Furthermore, the feasibility of 

the proposed immunosensor was successfully tested on real serum sample from a healthy 

individual, where the KA and QA amounts detected were 9.14—798.45 ng/mL (48.3 nM—

4.78 µM) at relative standard deviation values of 4.4—11.3%.  

 

Figure 4. (Rct AntiIgG – Rct Ge-H) values against log concentration of free standards: (a) 0.02—80 

μg/mL KA; (b) 0.03—120 μg/mL QA. Conditions: 1 mg/mL Ge-H, 10 mM [Fe(CN)6]3-/4- in PBS buffer 

(pH 7.4), (a) 20 μg/mL BSA-KA, 20 μg/mL of AntiKA, 20 μg/mL of AntiIgG; (b) 30 μg/mL BSA-QA, 

30 μg/mL of AntiQA, 15 μg/mL of AntiIgG. 

4. Conclusion 

In this preliminary study, we have successfully demonstrated the bioconjugation 

abilities of germanene-based nanomaterials with antigens and antibodies as well as a new 

application in the detection of gut-derived metabolites as disease biomarkers. Among the 

three materials, Ge-H was the best performing material due to its smallest size with the 

smallest hydrogen group substituent, as shown in FTIR and TEM when compared with 

Ge-CH3 and Ge-C3-CN. This helps Ge-H to be less sterically hindered than Ge-CH3 and 

Ge-C3-CN during the different bioconjugation steps and speed up the heterogenous elec-

tron transfer rate on the material surface. Coupled with the low-cost, easily miniaturized 

and portable screen-printed carbon electrode, our proposed Ge-H electrochemical im-

munosensor is fast, sensitive and stable for widespread accessibility especially in low-in-

come and resource-limited places, making them as promising point-of-care devices in 

clinical analysis.  
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