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Abstract
A dual-readout immunosensor coupled with electrochemical impedance and temperature signal was successfully proposed 
to detect autoimmune hepatitis markers (ASGPR).  Nb2C MXene with excellent conductivity, abundant surface functional 
groups, and extraordinary photothermal conversion efficiency, was designed to be a multifunctional biological probe, whose 
specific binding with antigen enhanced steric hindrance to generate electrochemical impedance signal, and at the same 
time, it had a strong optical response in the near-infrared band to achieve temperature output. In addition, poly(N-isopropyl 
acrylamide) (PNIPAM) was a temperature-sensitive polymer, which was adopted as the sensing matrix. When the multi-
functional probe was specifically bound to the antigen, under 808-nm laser irradiation, the captured  Nb2C MXene achieved 
photothermal conversion to increase the electrode surface temperature, and the conformation of PNIPAM changed from a 
free spiral to a spherical shape, further realizing double amplification of the EIS signal. Under the optimized experimental 
conditions, the impedance values and the temperature changes increased proportionally with the increase of the ASGPR 
concentration from  10−5 to 1 ng/mL, and the detection limit of the immunosensor was 3.3 ×  10−6 ng/mL. The established 
dual-readout immunosensor exhibited good selectivity and acceptable stability and provided an effective detection method 
for autoimmune hepatitis marker detection.
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Introduction

In 2010, the World Health Organization investigated food-
borne cases, of which nearly 30,000 people died of hepatitis 
A [1]. Hepatitis A is an acute liver infection that increases in 
severity with age [2] and is ultimately life-threatening [3]. 
Therefore, it is of great significance to find a biomarker for 
the early diagnosis of hepatitis A and improve the survival 

rate of patients. Asialoglycoprotein receptor (ASGPR) is a 
transmembrane protein located on the surface of hepato-
cytes. Studies have shown that ASGPR is a liver-specific 
target antigen [4, 5]. Therefore, ASGPR can be used as a 
reliable biomarker for early diagnosis of hepatitis A.

Up to now, various analytical measures, such as fluores-
cence analysis [6], magnetic resonance imaging (MRI) [7], 
and inductively coupled plasma mass spectrometry (ICP-
MS) [8], have been applied in ASGPR detection. While 
long time-consuming, tedious sample preparation and com-
plicated operations limit their wide application. Conversely, 
electrochemical immunoassay is an attractive analytical 
method, which has attracted wide attention in biological 
analysis because of its advantages of fast response, high 
sensitivity, and low cost. In particular, the electrochemi-
cal impedance spectroscopy (EIS) method could not only 
detect the interaction of biomolecules by measuring changes 
in impedance but also measure the response of the elec-
trochemical system to the applied oscillation potential as a 
function of frequency [9], which has good anti-interference 
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ability. However, most impedance immunosensors are in a 
single readout mode, which is easily affected by external 
interference and systematic errors, leading to false-posi-
tive or false-negative results. To address these issues and 
improve the accuracy of detection results, dual-readout 
immunosensors that output two signals simultaneously are 
urgently needed [10]. Until now, the dual-readout immu-
nosensor coupled with EIS and PEC (photoelectrochemical) 
has been studied for detecting tumor markers [11]. Unfor-
tunately, it inevitably used complex instruments and profes-
sional personnel. Therefore, looking for an electrochemical 
impedance immunosensor combined with a simple signal 
reading will help to expand its application range. In order 
to achieve this goal, this work first proposed a dual-readout 
immunosensor based on electrochemical impedance spec-
troscopy and temperature signal to detect ASGPR.

To develop an ultrasensitive EIS immunoassay method 
with higher specificity and lower detection limit, a sig-
nal amplification strategy has been used to amplify the 
response signal to detect classic biomarkers. Amplify-
ing the measurable signal and reducing the background 
were two important ways to improve the sensitivity of EIS 
immunosensors. For example, many studies have used 
nanomaterials to modify substrates to increase the immo-
bilization of antibodies on the electrode surface, improving 
the background capacity and signal-to-noise ratio of immu-
nosensors [12]. In addition, the introduction of conducting 
polymers into immunosensors improved the conductivity 
of the device, opening up signal amplification for EIS 
immunosensors [13]. However, the electrical conductivity 
of polymers was tied to the degree of protonation, often 
requiring specific acidic environments. At the same time, 
these amplification methods required additional molecular 
recognition elements and expensive signaling tags, limit-
ing their application in biotechnology. Therefore, it was 
still urgent to develop simple and cost-effective amplifi-
cation proposals. It has been reported that increasing the 
electrode surface temperature can accelerate the reaction 
kinetics of electroactive substances and enhance the elec-
trochemical signal [14]. Therefore, it was a great challenge 
to find an efficient method to increase the electrode surface 
temperature.

So far, microheaters [15] and electrical heating tech-
niques [16] have been applied to increase the electrode 
surface temperature. Herein, a novel  Nb2C MXene photo-
thermal material was cleverly introduced [17], which was 
a carbide composed of two-dimensional metal carbides 
and transition metals [18, 19]. Due to its abundant surface 
functional groups and excellent photothermal conversion 
ability [20–22],  Nb2C MXene was designed as a multifunc-
tional probe, under 808-nm laser irradiation, as thermal 
conversion devices to realize the photothermal conversion 
process, efficiently convert light into heat, and generate 

high temperature in the local area of the electrode surface, 
which greatly shortens the reaction time. Furthermore, the 
type of electrode material and the modification method of 
the electrode surface would affect the performance of EIS 
immunosensors [23, 24]. Among them, the modification 
of the sensing interface played an irreplaceable role in 
ultrasensitive EIS immunosensors. Hou’s group reported 
that the electrodeposition of gold nanoparticles was used 
to modify the glassy carbon electrode interface; insoluble 
precipitates were generated by enzyme-mediated biocata-
lytic precipitation reactions, thereby amplifying the EIS 
signal [25]. Considering that the phase transition behav-
ior of polymers under 808-nm laser irradiation was a tool 
to effectively tune the sensing interface, for this purpose, 
our work was motivated by combining a near-infrared 
(NIR) responsive polymer with  Nb2C MXene materials to 
build a temperature-EIS coupled sensing platform. In this 
case, stimuli-responsive polymers could serve as a bridge 
between EIS and biomarker detection. PNIPAM was a 
stimulus-responsive polymer, when external conditions 
such as light or temperature change, it can significantly 
change the electrochemical behavior of the interface [26]. 
The temperature is used as a trigger;  Nb2C MXene and 
PNIPAM have a synergistic effect to complete the expan-
sion-collapse transition. When there is no laser irradia-
tion, the electrode surface temperature is lower than LCST 
(low critical solution temperature); due to the hydrogen 
bond between the amide group of PNIPAM and water mol-
ecules, the water molecules are arranged around PNIPAM 
in an orderly manner, making PNIPAM dissolves in water 
in the form of random coils, and PNIPAM is in “expan-
sion” state. On the contrary, after the photothermal probe 
specifically binds to the antigen, the surface temperature 
of the electrode rises through photothermal conversion by 
808-nm laser irradiation, when T > LCST, the molecular 
thermal motion is intensified, the hydrophobic interaction 
between isopropyl groups is enhanced, and a hydropho-
bic layer is formed. The PNIPAM chain collapses into a 
spherical shape and is in a “contracted” state. After 808-nm 
laser irradiation, they show a volume-phase change from 
an expanded state to a collapsed state, which further real-
ized the  Nb2C MXene multifunctional probe photothermal 
trigger signal amplification process.

In this work, an EIS and temperature dual-readout immu-
nosensor were constructed for the sensitive determination 
of ASGPR by utilizing a multifunctional probe of  Nb2C 
MXene. As shown in Scheme 1, the PNIPAM with unique 
temperature sensitivity was used as an immunosensor plat-
form, which provided a large number of immobilization sites 
for primary antibody  (Ab1). The  Nb2C MXene labeled sec-
ondary antibody  (Ab2) as a multifunctional biological probe 
 (Nb2C MXene@Ab2), realizing the sensitive detection of 
ASGPR by the sandwich-type protocol. Among them, the 
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 Nb2C MXene multifunctional probe could not only produce 
electrochemical impedance signal output by immunoreaction 
with antigen, but also as a thermal conversion unit to achieve 
temperature signal output. When the  Nb2C MXene@Ab2 
was immunized with the antigen, under 808-nm laser irra-
diation, PNIPAM has undergone a conformational change, 
which further realized the double amplification of the EIS 
signal. This study expanded the application of  Nb2C MXene 
in dual-readout immunosensors and also provides new ideas 
for exploring other biomarkers.

Experimental section

Materials and reagents

N-Isopropylacrylamide (NIPAm) was purchased from 
Huateng Pharmaceutical Co., Ltd. Both ammonium per-
sulfate (APS) and N,N′-methylenebisacrylamide (BIS) 
were purchased by Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Glutaraldehyde (GLD), N,N,N′,N′-
tetramethylethylenediamine (TEMED), and (3-aminopro-
pyl)triethoxysilane (APTES) were purchased from Aladdin 
Chemical Co., Ltd. (Shanghai, China). Lipolysis-stimulated 
lipoprotein receptor (LSR) and Interleukin-6 (IL-6) were 
purchased from Linc-Bio Science Co., Ltd. (Shanghai, 
China). ASGPR standard solution, its primary antibody 
(Ab1), and secondary antibody (Ab2) were purchased from 
Chundu Biotechnology Co., Ltd. (Wuhan, China). Sheep 
serum albumin (BSA) was purchased from Bioss Biology 
Technology (Beijing, China). Human serum samples from 
healthy donors were provided by Fujian Provincial Maternity 

and Child Health Hospital. Phosphate-buffered saline (PBS) 
was prepared by adjusting the pH. Deionized water was used 
throughout the experiment.

Apparatus

Electrochemical impedance spectroscopy (EIS) and cyclic 
voltammetry experiments were measured with a CHI760 
electrochemical workstation (Shanghai Chenhua Instru-
ment Co., Ltd., Shanghai, China). The materials were 
further characterized by transmission electron microscope 
(TEM, FEI F20 S-TWIN instrument) and scanning elec-
tron microscope (SEM, SU8000 instrument). A digital 
thermometer (TES Electric and Electronics Co., Taiwan, 
China) was used to measure temperature. The experiment 
used a three-electrode system, which consisted of a modi-
fied glass carbon electrode (GCE) as the working elec-
trode, Ag/AgCl as the reference electrode, and platinum 
wire as the auxiliary electrode.

Synthesis of PNIPAM

PNIPAM were synthetized according to the previous report 
[27]. Firstly, 0.1377 g of n-isopropylacrylamide (NIPAm), 
0.05 N,N′-methylenebisacrylamide (BIS), and 0.0116 mer-
captoethylamine were added to 5 mL of water and stirred 
to make the dispersion uniform. Subsequently, filled with 
nitrogen for 20 min to remove oxygen and quickly added 
the accelerator N,N,N′,N′-tetramethylethylenediamine 
(TEMED). Finally, the initiator ammonium persulfate 
(APS) was added to further initiate the reaction to complete, 
and the PNIPAM polymer was synthesized by standing at 
room temperature.

Scheme 1  Schematic illustra-
tion of the dual-mode immuno-
assay for autoimmune hepatitis 
marker
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Synthesisof  Nb2C MXene

The preparation process of  Nb2C was according to the previ-
ous report with small modification [28]. Detailed material 
synthesis was shown in Supporting Information 1.

Synthesis ofmultifunctional  Nb2C MXeneprobe

Firstly, 200 μL of 5 mg/mL  Nb2C and 100 μL of 1wt% (3-ami-
nopropyl) triethoxysilane (APTES) were mixed for function-
alization at room temperature for 6 h and washed with deion-
ized water by centrifugation three times. Subsequently, 200 
μL 2.5 wt% of glutaraldehyde (GLD) was added to the shaker 
to absorb for 50 min, and it was covalently coupled with the 
added secondary antibody  (Ab2), and 1 wt% BSA was used 
to block non-specific sites and finally washed with deionized 
water. The obtained  Nb2C MXene-APTES-Ab2  (Ab2 biocon-
jugate) was finally stored at a temperature of 4 °C for use.

Construction of immunosensor

Initially, the bare GCE was polished with 0.03-μm alu-
mina powder and rinsed with deionized water. The elec-
trode was modified with 5 μL PNIPAM and dried at room 
temperature, 5 μL GLD (2.5 wt%), and 5 μL  Ab1 (10 ng/
mL) were dropped on the electrode surface and incubated 
at 4 °C for 50 min. To prevent the adsorption of non-
specific sites, 5 μL BSA (1 wt%) was added to the elec-
trode surface for blocking. Subsequently, 5 μL of ASGPR 
standard solutions of different concentrations were added 
to the electrode and incubated for 30 min at 4 °C to obtain 
ASGPR/Ab1/PNIPAM/GCE. Finally, the obtained elec-
trode and  Ab2 bioconjugate were incubated for 50 min at 

4 °C to complete the immunosensing structure. After each 
step of modification, they were gently dipped and washed 
with deionized water.

Result and discussion

Characterizations of materials

Transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) were used to characterize the struc-
ture and morphology of  Nb2C MXene. Figure 1A showed 
a TEM image of a few-layer or single-layer  Nb2C MXene. 
The transparent flake shape could be clearly observed, which 
showed that the  Nb2C has only a few layers in several atomic 
layers. Figure 1B showed a SEM image of  Nb2C MXene; 
the aluminum atomic layer was successfully removed by HF 
during etching, forming a unique accordion-like multilayer 
 Nb2C MXene structure. As shown in Fig. 1C, Fourier trans-
form infrared spectroscopy (FT-IR) was used to study the 
difference of functional groups before and after the func-
tionalization of  Nb2C MXene.  Nb2C MXene FT-IR spec-
trum showed (curve a); the sharp peaks at 3442  cm−1 and 
1602  cm−1 were hydrogen-bonded hydroxyl groups, which 
proved the high hydrophilicity of  Nb2C MXene. In addition, 
the peak at 2890  cm−1 was the C-H tensile vibration [29]. 
The functionalized  Nb2C-APTES (curve b) FT-IR spectrum 
showed that there were additional peaks in the  Nb2C-APTES 
spectrum, and there was Si–O stretching vibration at the 
position of 1100  cm−1, indicating that the success of the 
amino-terminal silane ground was connected to the surface 
of  Nb2C MXene. There was C-NH2 tensile vibration at the 
position of 1552  cm−1, further indicating that  Nb2C MXene 
was successfully functionalized by APTES [30].

Fig. 1  The TEM image of A  Nb2C MXene, B the SEM image of MXene, and C the FT-IR spectrum (a)  Nb2C MXene, (b) functionalized 
 Nb2C-APTES
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Shrinkage behavior of thermosensitive PNIPAM

Fig. 2A showed the transmittance of the temperature-sen-
sitive polymer PNIPAM at different temperatures. With 
the increase of temperature, the transmittance gradu-
ally decreased. It was worth noting that the transmittance 
decreased sharply at 30–35 °C, indicating that PNIPAM 
has undergone phase transition behavior in this temperature 
region. In addition, PNIPAM entered a shrinking state at 
35 °C, and the appearance became opaque (inset of Fig. 2A). 
As depicted in Fig. 2B, when PNIPAM was covered on the 
electrode, the value of  Rct gradually increased with the 
increase of temperature, and the  Rct value increased signifi-
cantly at 32 °C. This trend was attributed to the expansion of 
PNIPAM when the temperature was lower than 32 °C; when 
the temperature was higher than 32 °C, PNIPAM underwent 
hydrophobic shrinkage, which hindered the diffusion of fer-
ricyanide to the electrode surface [31]

Photothermalperformance of multifunctional  Nb2C 
MXene

The  Nb2C MXene exhibited a wide absorption band in 
the near-infrared region, indicating that  Nb2C MXene had 
strong near-infrared laser absorption capability (Figure S1). 
Therefore, we have chosen to study the photothermal proper-
ties of the material by irradiating various concentrations of 
 Nb2C MXene with 808-nm laser light for 300 s (2.5 w/cm2 
of power density). As shown in Fig. 3A, under laser irra-
diation, the water temperature hardly changed. At the same 
time, the temperature of  Nb2C MXene gradually increased 
as the irradiation time increased, and eventually stabilized. 

Figure 3B showed that the temperature of  Nb2C MXene 
(5 mg/mL) increased with the increase of laser power. It has 
been proved that  Nb2C MXene has shown outstanding light-
to-heat conversion performance due to its excellent electro-
magnetic wave absorption ability and localized surface plas-
mon resonance effect. Figure 3C studied the photothermal 
properties of different materials. The functionalized  Nb2C 
MXene had a faster temperature change than  Nb2C MXene, 
due to the lower binding energy of  Nb2C MXene-APTES. As 
shown in Fig. 3D, the photothermal stability of functional-
ized  Nb2C was studied, and the results showed that it had a 
relatively stable value within 5 irradiation cycles, indicating 
that  Nb2C MXene-APTES had excellent stability.

Fabrication of dual‑readout immunosensor

CV and EIS were evaluation strategies to gradually modify 
the electrode interface. First, the manufacturing process 
of the immunosensor was studied by cyclic voltammetry 
(CV). As shown in Fig. 4A, a pair of oxidation and reduction 
peaks were observed (curve a). However, after the PNIPAM 
polymer was modified on GCE, due to the dense internal 
structure and film-forming characteristics of PNIPAM, the 
diffusion speed of redox substances to the electrode inter-
face slowed down, and the peak current decreased (curve b). 
After  Ab1, ASGPR and the probe were fixed in sequence; 
they formed protein macromolecules with large steric hin-
drance, so the peak current gradually decreased (curve c–e). 
When an 808 nm (2.5 w/cm2) laser was used to irradiate 
the electrode for 30 s, the PNIPAM polymer was shrink-
ing status, and the peak current dropped sharply (curve f). 
The above results indicated that the immunosensor was 

Fig. 2  A The transmittance of poly(N-isopropylacrylamide) PNI-
PAM at different temperatures. Insert: the shrinkage behavior of pNI-
PAM at different temperatures is 25 °C (top left) and 35 °C (bottom 

right). B Electrochemical impedance response of PNIPAM hydrogel 
at 25 °C, 28 °C, 32 °C, 35 °C in 0.1 M KCl containing 5.0 mM [Fe 
(CN)  6]3−/4−
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successfully constructed. At the same time, the assembly 
process of the immunosensor was further studied through 
the  Rct and temperature changes of the electrode. As shown 
in Fig. 4B and Fig. 4C, the EIS signal gradually increased 
without laser irradiation, but the change was small, and the 
temperature change was also very small (curve a–e). Under 
laser irradiation,  Nb2C MXene converted light into heat, 
which increased the electrode surface temperature; the sur-
face temperature of the electrode was higher than the LCST 
of PNIPAM, causing a conformational change. At this time, 
PNIPAM transformed from a free coil shape to a spherical 
body, tightly wrapped on the surface of the electrode, which 
hindered the charge transfer on the surface of the electrode; 
a strong EIS signal was generated and temperature increased 
to maximum (curve f). The above results were consistent 

with the CV results, indicating the successful construction 
of the dual-mode immunosensor.

Analytical performance of the immunoassay

In order to obtain the best analytical performance, the experi-
mental conditions such as  Ab1, ASGPR, probe incubation 
time (Figure S2), irradiation time, and light intensity (Fig-
ure S3) were optimized. Under the best experimental con-
ditions, the dual-readout immunoassay method was used 
to detect different concentrations of ASGPR. As shown in 
Fig. 5A, the impedance increased as the concentration of 
ASGPR increased (a–f). In addition, through the  Rct value 
and the ASGPR concentration logarithm from  10−5 to 1 ng/
mL, a good linear relationship was obtained (insert Fig. 5B). 

Fig. 3  A The photothermal 
effect of  Nb2C MXene (808 nm, 
2.5 w/cm−2) of (a) 5 mg/mL 
 Nb2C, (b) 1 mg/mL  Nb2C, (c) 
0.1 mg/mL  Nb2C, (d), water. 
B The photothermal effect of 
 Nb2C MXene (5 mg/mL) under 
different laser power densities 
of (a) 3 w/cm−2, (b) 2.5 w/cm−2, 
(c) 2 w/cm.−2. C The photother-
mal effect of different materials. 
(a)  Nb2C, (b) functionalized 
 Nb2C-APTES, (d) water. D 
Photothermal stability of func-
tionalized  Nb2C MXene (5 mg/
mL) upon 5 cycles of 808-nm 
laser on/off

Fig. 4  A CV, B EIS curves, and C temperature increase of different 
electrodes: (a) GCE, (b) PNIPAM/GCE, (c)  Ab1/PNIPAM/GCE, (d) 
ASGPR/Ab1/PNIPAM/GCE, (e)  Nb2C-APTES-Ab2/ASGPR/Ab1/

PNIPAM/GCE, (f) irradiate  Nb2C-APTES-Ab2/ASGPR/Ab1/PNI-
PAM/GCE with near-infrared light
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The regression fitting equation was  Rct = 1143.0 lg C + 15,651 
(R2 = 0.998), and the limit of detection (LOD) was as low as 
3.3 ×  10−6 ng/mL. Therefore, through the change of imped-
ance, the concentration of ASGPR could be well detected. At 
the same time, the temperature changes caused by different 
concentrations of ASGPR under laser irradiation (808 nm, 
2.5 w/cm2) were also recorded. As shown in Fig. 5C, the 
increase in temperature was proportional to the logarithm of 
the ASGPR concentration. In addition, the regression equa-
tion was △T = 1.8960 lg C + 13.921 (R2 = 0.992), the linear 
range was  10−5 to 1 ng/mL, and the LOD was 3.3 ×  10−6 ng/
mL (Fig. 5D). Another type of immunosensor was also pre-
pared and compared without PNIPAM modification (sensor 
A) with the developed immunosensor (sensor B) (Figure S4). 
Compared with other reported ASGPR detection methods 
(Table S3), the constructed EIS immunosensor had a wider 
linear range and high sensitivity; therefore, the developed 
immunosensor was more sensitive and convincing.

In order to further explore the analytical performance of 
the immunosensor, ten sets of parallel experiments were per-
formed by incubating  10−3 ng/mL ASGPR on the electrode 
to verify the repeatability of the immunosensor. As shown 

in Fig. 5E, the relative standard deviation (RSD) of the EIS 
response was 2.36%. In addition, the RSD of temperature was 
2.53%, indicating that the immunosensor had good stability.

Selectivity played an important role in evaluating immuno-
sensing. Figure 5F shows that by adding 0.01 ng/mL E6, LSR, 
IL-6, mix, and  10−3 ng/mL ASGPR, its EIS signal and temper-
ature change. As expected, the EIS and temperature response 
of the target ASGPR and the mixture increased significantly. 
However, interferences had little effect on the detection results. 
Due to specific immune recognition, the dual-readout scheme 
had good selectivity for ASGPR.

Real sample analysis

This study used the standard addition method to explore the 
practical application value of the dual-readout immunosen-
sor. The human serum sample was diluted 100 times with pH 
7.4 PBS, and then, three different concentrations of ASGPR 
standard solutions were added to the diluted sample serum 
(Table S2), the recoveries ranged from 96.1 to 108%, sug-
gesting that the dual-readout immunosensor could be used for 
ASGPR detection in serum samples.

Fig. 5  A The EIS responses 
and B calibration curve of the 
immunosensor for the detection 
of different concentrations of 
ASGPR (a–f:  10−5,  10−4,  10−3, 
 10−2,  10−1, and 1 ng/mL) with 
laser irradiation for 30 s; C tem-
perature histograms for ASGPR 
detection of different concen-
trations  10−5–1 ng/mL (left to 
right); D the corresponding linear 
relationship between temperature 
and the concentration of target 
ASGPR. E The stability of the 
immunosensor by EIS detection 
(curve red) and photothermal 
detection (curve blue). F The 
specificity of the immunosensor 
toward different interferences of 
0.01 ng/mL (a) E6, (b) LSR, (c) 
IL-6, (d) mix, and (e) 10.−3 ng/
mL ASGPR by EIS detection 
(curve red) and photothermal 
detection (curve blue)
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Conclusion

A dual-readout immunosensor based on a multifunctional 
MXene probe triggered signal amplification was constructed 
for the detection of ASGPR. Temperature-sensitive PNI-
PAM was used as sensing substrates, which could be used 
to adjust the conductivity of electrode interfaces. Impor-
tantly, under 808-nm laser irradiation,  Nb2C MXene acted 
as a photothermal converter to increase the local temperature 
of the electrode surface, causing the PNIPAM to undergo a 
shrinkage phase transition, thereby achieving photothermal-
triggered EIS signal amplification. This work opened up a 
new way for the combination of electrochemical impedance 
and other detection methods, and provided a sensitive detec-
tion method for the diagnosis of hepatitis A disease.
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tary material available at https:// doi. org/ 10. 1007/ s00604- 022- 05350-1.
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