
1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20825  | https://doi.org/10.1038/s41598-021-00057-4

www.nature.com/scientificreports

1,1’‑Carbonyldiimidazole‑copper 
nanoflower enhanced collapsible 
laser scribed graphene engraved 
microgap capacitive aptasensor 
for the detection of milk allergen
Indra Gandi Subramani1,2, Veeradasan Perumal1,3*, Subash C. B. Gopinath4,5*, 
Norani Muti Mohamed1,2, Mark Ovinis3 & Lim Li Sze6

The bovine milk allergenic protein, ‘β‑lactoglobulin’ is one of the leading causes of milk allergic 
reaction. In this research, a novel label‑free non‑faradaic capacitive aptasensor was designed to 
detect β‑lactoglobulin using a Laser Scribed Graphene (LSG) electrode. The graphene was directly 
engraved into a microgapped (~ 95 µm) capacitor‑electrode pattern on a flexible polyimide (PI) film 
via a simple one‑step  CO2 laser irradiation. The novel hybrid nanoflower (NF) was synthesized using 
1,1′‑carbonyldiimidazole (CDI) as the organic molecule and copper (Cu) as the inorganic molecule 
via one‑pot biomineralization by tuning the reaction time and concentration. NF was fixed on the 
pre‑modified PI film at the triangular junction of the LSG microgap specifically for bio‑capturing 
β‑lactoglobulin. The fine‑tuned CDI‑Cu NF revealed the flower‑like structures was viewed through 
field emission scanning electron microscopy. Fourier‑transform infrared spectroscopy showed the 
interactions with PI film, CDI‑Cu NF, oligoaptamer and β‑lactoglobulin. The non‑faradaic sensing of 
milk allergen β‑lactoglobulin corresponds to a higher loading of oligoaptamer on 3D‑structured CDI‑Cu 
NF, with a linear range detection from 1 ag/ml to 100 fg/ml and attomolar (1 ag/ml) detection limit 
(S/N = 3:1). This novel CDI‑Cu NF/LSG microgap aptasensor has a great potential for the detection of 
milk allergen with high‑specificity and sensitivity.

Food allergy incidence is on a rising-trend and affect millions of people worldwide in-line with increased con-
sumption of packed food. Cross-contamination and undeclared labelling are often the reasons behind food-
allergic incidence, including skin rash, diarrhoea, vomiting, swollen limps, or even deadly anaphylaxis. A ready 
to use allergen detection kits can be beneficial to food manufacturers and  consumers1. Milk is a vital food 
consumed by infants to elders and is the main ingredient in most food  preparation2. However, β-lactoglobulin, 
which is the dominant bovine milk allergenic protein, induces an allergenic reaction to vulnerable individuals, 
especially in children, even in minute  amounts3. A threshold value at 0.1 mg/ml was established to safeguard 99% 
of milk allergenic people and the International Dairy Federation (IDF) have proposed minimum permissible 
content of β-lactoglobulin for different type of milk: 2600 mg/l for pasteurized, 2000 mg/l for high-pasteurized 
and 50 mg/l for  UHT4,5.

Biosensors are appropriate alternatives to conventional analytical methods such as ELISA, lateral flow immu-
noassay and mass spectroscopy, by offering comparable detection limit down to the attomolar range with high 
sensitivity and  selectivity6. Various biosensors have been reported recently for the detection of β-lactoglobulin, 
including Surface Plasmon Resonance, microcantilever resonator array, faradaic-based electrochemical and 
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colorimetric analyses with good detection limit (Table 1). However, most of them use expensive commercial elec-
trodes such as ITO, silicon, GCE, and Screen Printed Graphene Electrode (SPGE) to construct the  biosensor7–12. 
Recently, Laser Scribed Graphene (LSG) has become a popular approach to fabricate in-situ graphene directly 
into a desirable electrode pattern on a flexible substrate (PI/kapton, carbon paper). It is an excellent alternative 
to conventional fabrication, which require multiple processing steps, high-tech equipment and toxic chemicals. 
The use of LSG in biosensing for detecting various target entities has been  reported13–19.

A biosensor’s performance is often enhanced with the integration of nanomaterial structures from 0 to 3D. In 
this regard, multifunctional hybrid nanostructures have become increasingly popular and were applied success-
fully in diverse  applications20. The use of organic–inorganic hybrid nanomaterials with 3D flower-like morphol-
ogy are prevalent since its first discovery in 2012 by Zare et al.21. The hierarchical flower-like morphology with 
higher specific surface area, excellent catalytic activity, higher loading efficiency and strong adsorption capacity 
are the promising factors spurring its rapid development. Various inorganic  (Cu2+,  Ca2+,  Zn2+,  Mn2+,  Mg2+,  Fe2+, 
 Co2+, and  Ag+) and organic components (enzyme, aptamer, DNA, amino acids, peptides, antibody, raw chicken 
egg white, plant extract, curcumin, etc.) have been used to synthesize the hybrid nanoflower (NF) with different 
morphologies (rosette, rhombic, red blood cell-like, spherical)22–28.

1,1′-Carbonyldiimidazole (CDI) is an organic chemical with highly reactive carboxylating agent that contains 
two acylimidazole leaving groups with hydroxylated surfaces for bioconjugation of an analyte and often used as a 
linker in most biosensor surface  construction29–31. The imidazole functional groups of CDI exhibit a strong inter-
action with the copper atom, forming charge-transfer  complexes32. For the first time, CDI was used as an organic 
element with copper to synthesize a novel hybrid NF and used as a support for immobilizing oligoaptamer 
targeting β-lactoglobulin. The larger specific surface area of CDI-Cu NF allows a larger number of biomolecular 
adsorption that acts as a signal amplifier. The construction of the aptasensor starts with the fabrication of LSG 
with microgaps. A pair of a triangle-shaped electrodes were designed side by side with micrometre separation 
and was engraved in the form of graphene on flexible polyimide (PI) substrate via one-step  CO2 laser irradiation. 
The electrode was then masked by a pre-designed laminating plastic film to expose only the biorecognition and 
electrode probing regions. The circular-shaped plastic lamination at the triangular junction acts as a reservoir, 
which reduces the size and overflow of a sample that could affect the sensor’s performance. Next, the CDI-Cu 
NF was deposited at the pre-modified PI triangular junction of LSG microgap, followed by modification with 
neutravidin, oligoaptamer and finally, the detection of β-lactoglobulin.

Results and discussion
LSG microgap electrode was fabricated via a simple and rapid one-step  CO2 laser irradiation method and was 
masked by the lamination technique, leaving the triangular junction exposed for surface functionalization and 
target detection. The circle-shaped void at the triangular junction acts as a reservoir that allows the surface 
modification to be done only at the specific area and avoids PBS or any other chemical involved from spreading 
or overflowing. This reduces the sample consumption and avoids uneven surface wettability that could influence 
the capacitance measurement. Moreover, the CDI chemicals are usually used to immobilize biological molecules 
on the transducer surface. In this study, CDI as an organic element was co-precipitated with copper (Cu) metal 
to synthesize a novel self-assembled organic–inorganic hybrid NF, which was used as support for the immobi-
lization of aptamer to target β-lactoglobulin.

HPM and 3D‑profiler surface imaging. The morphology of the triangular junction with LSG microgap 
was investigated with 3D profiler and HPM (Fig. 1). The colour image of LSG microgap in Fig. 1a shows the 
variation in the height of the spongy-like structured LSG microgap and the scale at the right and bottom side 
represents the cross-section at the middle part of the LSG microgap. The trench or gap at the middle of two tri-
angular electrode scribed side-by-side is clearly seen in the scale with a height variation, and greyscale image at 
Fig. 1b shows the 3D view of LSG microgap. Figure 1c shows the HPM image of LSG microgap under 5 × magni-

Table 1.  Summary of available biosensors for β-lactoglobulin detection.

Transduction Technique Probe Nanomaterial Electrode Linear range LOD References

Faradaic voltammetry DNA aptamer – Graphene-modified screen-
printed carbon (GSPE) 100 pg/ml–100 ng/ml 0.02 ng/ml 9

Microcantilever resonator array Antibody − 0.1, 1, 10, 100 ppm 40 ng/ml 10

Photoelectrochemical (PEC) 
immunosensing Antibody Ag2S-sensitized spindle-shaped 

 BiVO4/BiOBr heterojunction ITO electrode 10 pg/ml–100 ng/ml 0.0037 ng/ml 7

Faradaic EIS DNA aptamer Flower-like  BiVO4 microspheres ITO electrode 0.01–1000 ng/ml 0.007
ng/ml

8

Faradaic voltammetric immuno-
sensing Antibody − Graphene-modified screen-

printed carbon (GSPE) 1 pg/ml–100 ng/ml 0.00085
ng/ml

12

Surface plasmon resonance (SPR) SPR sensor chip 0.49–1000 µg/ml 164
ng/mL

45

Colorimetric DNA aptamer Gold nanoparticles (AuNP), 
Graphene oxide Paper 25 nM–1000 nM 12.4 nM 11

Non-faradaic capacitive aptasens-
ing DNA aptamer CDI-Cu NF LSG 1 ag/ml–100 fg/ml 1 ag/ml This work
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fication with the circle surrounding the junction the reservoir pattern of the laminating film used to mask LSG 
microgap. Figure 1d shows the distribution of CDI-Cu NF around the triangular junction. The 3D architecture 
CDI-Cu NF offers a large specific surface area and abundant active sites for the immobilization of aptamer to 
target β-lactoglobulin.

Field‑emission scanning electron microscopy (FESEM): imaging, mapping and energy disper‑
sive X‑ray analysis (EDX). The morphology and the growing stage of CDI-Cu NF were investigated using 
FESEM, and the results are presented in Fig.  2. Figure  2 shows the FESEM images at various stages of NF 
synthesis, based on different concentrations and reaction times. Figure 2a–d shows the image of 0.05 mg/ml 
CDI-Cu NF with an incubation period of 1, 3, 5 and 7 days, respectively. Figure 2a shows the image of a bud-like 
structure, where NFs were in early developmental stages, while a whole floret with irregular petal sizes can be 
seen in Fig. 2c, with an incubation period of 5 days. Several undeveloped bud-like regions within the single NF 
can also be observed. With increasing incubation period, more defined complete flower-like morphology was 
seen (Fig. 2d) with multiple NFs of ~ 20–30 µm grown in a single branch. Increasing the concentration of CDI to 
0.1 mg/ml significantly contributed to NF’s growth. Figure 2e,f,g,h shows images of 0.1 mg/ml CDI-Cu NF with 
a different incubation period of 1, 3, 5, and 7 days. An excellent flower-like structure can be observed for 1-day 
incubation, and there are no significant morphology changes observed between 1 and 3 days of the incubation 
(Fig. 2e,f). However, more exposed petal structured NFs were aggregated in a single branch with a diameter 
of ~ 60–70 µm as the incubation was prolonged to 5 and 7 days (Fig. 2g,h). Supplementary Fig. 2 shows the 
elemental mapping and EDX image of CDI-Cu NF. Supplementary Fig. 2a–e shows a homogeneous distribution 
of significant elements including C, O, P, Cu and N, respectively. The presence of nitrogen was mainly contrib-
uted by the CDI chemical, and the mapping result supports the homogeneous distribution of the CDI element 
in the NF framework. The EDX analysis further confirms the presence of essential elements such as Cu, N, P, C, 
O within the NF (Supplementary Fig. 2f). The presence of element Au is from the sputtering procedure prior to 
FESEM analysis. The other elements, such as Cl, Na, and K, were endogenously attached from PBS solution used 
during the synthesis procedure.

Chemical analysis by Fourier transform infrared spectroscopy (FTIR). The elemental composition 
changes upon PI film surface modification were monitored by FTIR analysis (Fig. 3). Figure 3a shows the FTIR 
spectra for CDI-Cu NF. The strong characteristic peaks at 630  cm−1 (bending) and 950–1100  cm−1 (symmetric 
and asymmetric stretching) were attributed to P–O and P=O vibrations, indicating the presence of copper phos-
phate group from the hybrid NF. Moreover, typical bands of organic element (CDI) for C-N were observed at 
1363  cm−1 and for –CH at 2800–3000  cm−133. Figure 3b represents the spectra for bare PI film exhibiting some 
prominent peaks including C-O bending (718   cm−1), C=O symmetrical stretching (1707   cm−1), C=O asym-
metrical stretching (1777  cm−1), C–O–C asymmetrical stretching (1235  cm−1), C–O–C stretching (1088  cm−1), 
C=C aromatic ring (1500  cm−1), C–N stretching (1369  cm−1), N–H stretching (3624  cm−1)34. The modification 
with CDI-Cu NF concealed the PI film and weakened the PI film peaks (spectra c). Moreover, the sequential 

Figure 1.  Stepwise fabrication of milk allergen, β-lactoglobulin biosensor on polyimide (PI) film, (a) acid–base 
treatment to terminate carboxylic functional group, (b) deposition of CDI-Cu hybrid NF, (c) modification with 
neutravidin, (d) immobilization of oligoaptamer, and (e) detection of β-lactoglobulin.
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addition of layers (neutravidin, oligoaptamer) on the CDI-Cu modified PI film weakens the PI characteristics 
peak. When the oligoaptamer was immobilized on the CDI-Cu NF, stretching of  (PO4)3− (the sugar-phosphate 
backbone of DNA) was observed at 1082 and 1230  cm−135,36. The hydrogen bonds of the DNA strands are notable 
from 3000 to 3500  cm−137. Upon detection of target β-lactoglobulin, the peak of the amide is observed to be in 
the range of 1566–1742  cm−1.

Capacitance analysis on surface modifications. All the non-faradaic capacitance measurements on 
the sequentially modified LSG microgap were carried out in 4 µl of PBS (10 mM, pH 7.4) to provide a neutral 
biological condition for the interactions of biomolecules. Any disturbance presented at the triangular junction 
with the separation of 95 ± 1.33 µm leads to a change in capacitance characteristics over a frequency  range35,38. 
Figure  4a shows the capacitance measurement for different surface modified LSG microgaps. The bare LSG 
microgap exhibited a capacitance value in the pico-range (36.5 pF) while measurement in 4 µl of PBS increased 
the capacitance signal to the nano range (156 nF), due to the high permittivity of the PBS that contributes ions 
to the electrode. The capacitance value further increases threefold to a value of 460 nF with a distinctive signal 
after acid–base treatment. The acid–base treatment physically modifies the polyimide (PI) film at the triangular 
junction, terminating the carboxylic functional group. However, the deposition of CDI-Cu NF led to the drop 
of capacitance value to 426 nF. This is because the anionic natured NF with ~ 20–30 µm size has concealed the 
exposed acid–base modified PI film and is a barrier for the PBS in reaching the junction.

The capacitance value further reduced to 373 nF after modification with neutravidin. However, the applica-
tion of PEG as a blocking agent increased the capacitance value to 404 nF and the immobilization of negatively 
charged oligoaptamer via Neutravidin-Biotin interaction increased the capacitance further to 523 nF. The highly 
specific and selective interaction of neutravidin and biotin forms a complex structure that increases the net 
molecular size at the triangular junction and affects the sensor’s dielectric property. Changes in the charge 
distribution at the triangular junction leads to significant capacitance  increment39. The biosensor’s capacitance 
values increased gradually from 547 to 628 nF for the detection of a series of β-lactoglobulin with concentrations 
ranging from 1 ag/ml to 100 fg/ml. Higher concentrations of β-lactoglobulin were used to test the efficiency of 
the biosensor in sensing higher concentrations. The capacitance of 660 nF for 1 ng/ml was much more prominent 
than the signal obtained for a tenfold increase in concentration. The capacitance signal increases or decreases 
for each surface functionalization procedure obtained were similar for every tested sensor.

β-Lactoglobulin detection without CDI-Cu NF was also evaluated as well. The 0.1 mg/ml of CDI chemi-
cal was replaced after acid–base treatment on the LSG microgap (Fig. 4b). The modification by CDI chemical 
surged the capacitance signal from 316 nF (acid–base) to 439 nF, because the CDI chemical interacted effectively 
with the carboxylic acid terminated junction and allowed PBS diffusion (unlike CDI-Cu NF, which masks the 
junction and blocks PBS diffusion). An almost similar trend, in comparison with CDI-Cu NF modified sensor, 
was obtained for the modification with neutravidin and oligoaptamer immobilization. However, the signal is 
comparatively weaker for the detection of the various target concentrations. The relative changes in capacitance 
value from aptamer to target detection with and without CDI-Cu NF were 20.01% and 10.20%, respectively. The 
increment in the relative capacitance signal is associated with CDI-Cu NF, which provides larger specific surface 

Figure 2.  Morphology analysis of LSG microgap; (a)  2D color variation; (b)  3D image of LSG triangular 
junction; (c)  HPM bare; (d) NF modified LSG microgap.
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area, and porous structure, both of which facilitates the effective capturing of target  entities33,40–44. Figure 4c shows 
the impedance spectra signal is inversely proportional to the capacitance signal for every surface modification.

Analytical performance of CDI‑Cu NF modified sensor. The reliability of the sensor was tested in 
terms of selectivity, reproducibility, and with spiked samples. Figure 5a shows the sensor’s selectivity capacitance 
response, which was tested with 100 fg/ml of BSA and lysozyme. There are negligible changes in the response 
when tested with BSA and lysozyme, while there was significant increment in the response when tested with 
100 fg/ml β-lactoglobulin, suggesting its efficiency towards the milk allergen detection. In addition, the devel-
oped biosensor was tested with 100 fg/ml β-lactoglobulin spiked food sample. Prior to the testing with the spiked 
food sample, the sensor was investigated using diluted food samples to reveal biofouling, as depicted in Fig. 5b. 
The biosensor was then tested with the 100 fg/ml β-lactoglobulin target spiked in 1:100,000 and 1:10,000 diluted 
food sample, as it gives the least deviation compared with the signal obtained for oligoaptamer. The spiked sam-
ple gives a significant capacitance response, suggesting the biosensors capability in detecting β-lactoglobulin in 
real food samples (Fig. 5c). Figure 5c inset represents the recovery table for 1:10,000 and 1:100,000 serum spiked 
targets which showed the recovery as 94.99% and 92.95% respectively.

Figure 3.  (a) FESEM image of CDI-Cu NF synthesized based on different concentrations and incubation 
periods. (a–d) 1, 3, 5, and 7 days of incubation for a CDI with 0.05 mg/ml, (d–g) 1, 3, 5, and 7 days of incubation 
for a CDI with 0.1 mg/ml.
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Figure 5d shows a column chart for a batch of three biosensors for the detection of different concentrations 
of β-lactoglobulin. The three-column chart of devices 1, 2 and 3 represent a biosensor which was developed 
with LSG microgap electrode with almost identical separations of 96.82, 95.49, 94.16 µm, respectively. The rela-
tive standard deviation (RSD) value was estimated for the batch of three tested sensors with similar separations 
(Device 1, 2 & 3) in detecting a series of β-lactoglobulin concentrations ranging from 1 ag/ml (8.5%), 10 ag/ml 
(6.0%), 100 ag/ml (4.5%), 1 fg/ml (7.2%), 10 fg/ml (10.3%), and 100 fg/ml (9.1%).

Three biosensors (Device 1, 2 & 3) were used to obtain a calibration plot (Fig. 5e), which was used to analyse 
the limit of detection (LOD) and sensitivity of the biosensor. The relative capacitance change was calculated from 
the formula of  (Cf −  C0)/C0, where  Cf and  C0 represents the capacitance value at 1 Hz before and after exposure 
to the target β-lactoglobulin. The LOD of the developed biosensor is 1 ag/ml, estimated from calibration plot and 
experimental observation. The limit of detection (LOD) was considered the lowest concentration of an analyte 
(from the calibration line at low concentrations) against the background signal (S/N = 3:1). The sensitivity of the 
biosensor was 0.025 [(ΔC/C0)/(ng/ml)], calculated from the slope of the calibration plot (Fig. 5e). The stability 
of the sensor was analysed for seven days (Fig. 5f) where the sensor deteriorated 26.59%.

To complement the results obtained from the current sensing system, validations were performed by inter-
acting β-lactoglobulin and aptamer using ELASA. The outcome of this experiment revealed the sensitivity of 
these molecular interaction is at 0.01 pg/ml with the linear concentrations range from 0.01 until 100 pg/mL and 
saturated at 100 pg/ml (Fig. 6).

The reported LOD is lower than commercial ELISA and other reported biosensors, with the ability to detect 
β-lactoglobulin in the attomolar range. Table 1 shows a summary of recently reported biosensors for the detec-
tion of β-lactoglobulin. A low LOD in attomolar range was achieved by incorporating LSG and 3D hierarchical 
NF. This simple and cost-effective fabrication technique is a promising approach for scalable fabrication and 
disposable sensors.

Conclusion
A non-faradaic capacitive aptasensor enhanced by novel CDI-Cu NF modified LSG microgap was successfully 
developed for rapid and sensitive detection in the attomolar range of milk allergen, β-lactoglobulin. Aptamer 
was chosen for the specific recognition of the target. The careful design of the aptasensor ensured the low limit 
of detection at attomolar range, with good sensitivity and reproducibility, with the NF providing a unique high-
performance sensing surface. Simple and cost-effective techniques were used in the preparation of the biosensor 
components. The electrode was prepared by a LSG technique, while the nanomaterials were prepared at room 
ambient by simple chemical mixing. This unique material composition has the potential for analysing a wide 
range of biomarkers for both clinical and non-clinical specimens.

Methods
Materials and chemicals. 1,1′-Carbonyldiimidazole (CDI, reagent grade) and Copper sulphate pentahy-
drate were from Sigma Aldrich (USA). Phosphate buffer saline from 1st Base chemicals (PBS, 10 mM, pH 7.4) 
was used to synthesize CDI-Cu NF. Neutravidin procured from Thermofisher Scientific was deposited on the 
CDI-Cu NF modified electrode to aid the immobilization of oligo-aptamer. PEG was used as a blocking agent. 
β-lactoglobulin from Sigma Aldrich was used as a milk allergen target. Bovine Serum Albumin (BSA) and 
Lysozyme were used for selectivity analysis. Herbalife meal replacement shake from Formula 1 was used as a 
β-lactoglobulin free powder for the spiked sample analysis. Magnesium chloride  (MgCl2) was used as a folding 

Figure 4.  FTIR analysis of different modifications with PI film, (a) CDI-Cu NF; (b) bare PI film; (c) 
neutravidin/CDI-Cu NF; (d) oligoaptamer/neutravidin/CDI-Cu NF; (e) β-lactoglobulin/oligoaptamer/
neutravidin/CDI-Cu NF.
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buffer to dilute the milk aptamer. Aptamer and biotinylated Oligolinker were purchased from Integrated DNA 
Technologies. PBS (10 mM, pH 7.4) was used for washing, diluting biomolecules, and as an electrolyte during 
the capacitance measurements. All figures are drawn by Microsoft PowerPoint 2016.

Synthesis of CDI‑copper nanoflower (CDI‑Cu NF). CDI-Cu NFs were synthesized in one  pot21, with 
a slight modification. 20  µl of copper sulphate pentahydrate solution (200  mM) was added to a centrifugal 
tube containing CDI (3 ml, 0.1 and 0.05 mg/ml were prepared separately in PBS solution) and the mixture was 
vortexed at 3000 rpm for 30 s. Next, the mixture was allowed to rest for 24 h in room ambient. Blue-coloured 
precipitates were seen at the bottom of the centrifugal tube centrifuged at 4000 rpm for 15 min. The precipitates 
were filtered, washed thrice by Milli-Q water, and stored in a refrigerator at − 20 °C before use. A similar proce-
dure was repeated with a different incubation times of 3, 5 and 7 days.

Laser scribed graphene printing. Polyimide (PI) film was washed thoroughly with ethanol and dried in 
room ambient followed by irradiation with  CO2 laser to engrave the graphene with the designed electrode pat-
tern. Parameters include 30 W power at 50% of, speed of 30% and 500 PPI to print the capacitor-like LSG micro-
gapped electrodes. The pattern of LSG with microgap was designated using CorelDraw software, and an array 
of electrodes was printed in every scribing procedure. The LSG microgap pattern consisting of a pair triangle 
was placed side by side with a sharp edge facing each other and separated by 95 µm. Finally, the electrodes were 
encapsulated using a previously patterned plastic laminating film to protect the contact point from the work-
ing electrolyte. The mask was patterned with a circular shape at the middle and square shape at both ends, the 
circular-shaped mask at the middle act as a reservoir for the working electrolyte. The reservoir helps to minimize 
the amount of chemical used during surface modification. The surface functionalization and electrochemical 
sensing were performed at the triangular junction of the electrode. The whole image of electrode is represented 
in Supplementary Fig. 1.

Fabrication of aptasensor. The PI film at the triangular junction of the bare LSG microgap was washed 
with PBS and subjected to further modification. First, the bare PI surface was incubated with 4 µl of 1 M Potas-
sium hydroxide (KOH) for 10 min to activate the polyamic acid, followed by incubation with 4 µl of 1 M Hydro-
chloric acid (HCl) for another 10 min to functionalize the PI surface with carboxylic acid  groups32. Next, the 
microgap (the separation) was pipetted with 0.5 µl of CDI-Cu NF and incubated for 1 h. Then, 4 µl of 0.1 mg/ml 
of neutravidin which were diluted in 10 mM PBS pH 7.4 was applied and incubated for 1 h. Next, 4 µl of 0.1 mg/
ml of PEG was micro-pipetted and incubated for 15 min to cap the non-specific interaction sites. After that, 
4 µl of β-lactoglobulin aptamer was pipetted and incubated for 1 h. Before application onto the microgap, the 
aptamer was diluted in a folding buffer (1 mM  MgCl2, 10 mM PBS) and vortexed at 1000 rpm for 30 s, denatured 

Figure 7.  Validation by Enzyme-linked aptasorbent assay. Schematic image with the steps involved is shown. 
β-lactoglobulin concentrations from 0.001 until 1000 pg/ml were interacted with the constant aptamer 
concentration (50 nM). The results are displayed by bar-chart and arrow indicates the linear range. The 
photographed wells are shown as a figure-inset.
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at 90 °C for 5 min and mixed with biotinylated oligolinker. The oligolinker also acts as a spacer. Finally, a series 
of 4 µl of the β-lactoglobulin target was incubated for 10 min, and the capacitance was measured. The stepwise 
fabrication procedure of LSG microgap is illustrated in Fig. 7.

The biotin at one end of the oligolinker reacts with neutravidin through biotin-neutravidin interaction, while 
the other exposed free end of oligolinker with twenty thymine (T) bases readily bound with twenty additional 
adenine (A) bases modified milk aptamer, forming a strong bond. This spacer design (adenine & thymine bases 
modified on aptamer and biotin, respectively) was mainly carried out to ensure the aptamer is easily accessible 
by the target, as it was immobilized on CDI-Cu NF possessing a porous three-dimensional hierarchical structure.

Biotinylated Oligo-linker: 5′-/5Biosg/TTT TTT TTT TTT TTT TTT TT-3′.
β-lactoglobulin aptamer: 5′-ATA CCA GCT TAT TCA ATT CGA CGA TCG GAC CGC AGT ACC CAC 

CCA CCA GCC CCA ACA TCA TGC CCA TCC GTG TGT GAG ATA GTA AGT GCA ATC TAA AAA AAA 
AAA AAA AAA AAA AAA A-3′11.

Spiked sample preparation. The food sample extract was  prepared9 with a modification. 0.1 g of Herbal-
ife meal replacement β-lactoglobulin free powder was mixed with 1 mL of PBS solution and shaken at 500 rpm 
for 1 h at 60 °C. The mixture was then centrifuged at 20,000×g for 15 min, and the clear supernatant was collected 
via micropipette and labelled as pure serum. The supernatant was diluted in PBS solution with different dilution 
factors (1:10,000, 1:1000, 1:100 and 1:10) to reveal biofouling. Finally, the dilution factor with the least deviation 
compared to the oligoaptamer capacitance signal was chosen to be spiked with 100 fg/ml of β-lactoglobulin and 
tested on CDI-Cu NF/LSG microgap biosensor at room ambient.

Enzyme‑linked aptasorbent assay (ELASA). ELASA was carried out to validate the biomolecules 
involved in the developed β-lactoglobulin biosensor. β-lactoglobulin was diluted from 0.001 until 1000 pg/ml 
in 1X coating buffer and coated on an ELISA plate surface and was incubated overnight at 4 °C. Following a 
washing procedure by PBS, 2% of blocking agent, BSA was pipetted and kept for 1 h at room temperature. Next, 
50 nM of β-lactoglobulin aptamer with biotinylated oligolinker was applied and incubated for 1 h. Prior to this 
step, 100 nM of anti-β-lactoglobulin aptamer was heated at 90 °C for 1 min and cooled to room temperature, 
added with equal volume of 100 nM oligolinker to obtain a final concentration of 50 nM and kept at room 
temperature for 10 min to make a duplex at the 3’ end of the aptamer. Followed that, 1:5000 diluted as-received 
HRP-Streptavidin conjugate was applied and held for another 1 h for the streptavidin to bind with biotinylated 
oligolinker-aptamer conjugates. TMB substrate was finally added and waited for 10–15  min for the colour 
change reaction. 50 μL of 2 mol  l−1 sulfuric acid was added to each well to stop colour development. Finally, the 
optical density at 450 nm was used to measure the above solutions using UV-Nanodrop. PBS washing procedure 
was conducted thrice for every sequential step.

Physical and electrical characterization. The morphology of synthesized CDI-Cu NF was investi-
gated using variable pressure field-effect scanning electron microscope (VP-FESEM, Model: Zeiss Supra 55 
VP), 3D-Nanoprofiler (Hawk 3D Optical Surface Profiler from Pemtron Co.Ltd., South Korea), and high-power 
microscope (Olympus, Japan). Elemental analysis of NF and different chemically modified surfaces were carried 
out using EDX and mapping method. The chemically modified different LSG surfaces were analyzed elementally 
using field-transform infrared spectroscopy (FTIR, Model: Perkin Elmer Spectrum One). All the capacitance 
measurements were carried out at room ambient using a standard two-electrode system (Alpha-A High-Per-
formance Frequency analyzer, Novocontrol Technologies, Germany) in 4  µl PBS as a working solution. The 
frequency range was set with 1 to 100 kHz and Vrms at 10 mV.

Data availability
Relevant data included in the Supplementary Information.
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