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Abstract 

The pollution of heavy metal ions within the environmental is a global problem. The 

rapid and precise removal of these contaminants can be aided by identifying and 

quantifying the composition of the sample. It is therefore crucial to develop effective 

portable analytical techniques to determine the levels of heavy metal contamination. 

Paper-based analytical devices (PADs) offer a low cost method making them an 

excellent platform for onsite environmental sensors. Here we demonstrate how a PAD 

can be integrated into a multi-use Nanopore platform. The PAD was functionalised 

with different recognition ligands, who’s surface charge densities varied in the 

presence of an analyte. The surface of the PAD was placed in contact with a Nanopore 

which exhibited Ion Current Rectification (ICR). The extent of ICR, was dependent 

upon the PAD’s surface charge, and the presence of the analyte of interest i.e. the 

ICR phenomena was exaggerated or diminished indicating the presence of the metal 

ion in solution.  

We demonstrate the potential of PAD-ICR using a PAD functionalised with a peptide 

aptamer specific for nickel ions. Allowing the detection of nickel(II) as low as 0.25 μM 

even in the presence of other metal ions. After any measurement, the Nanopore 

surface can be wiped clean, and reused.    



Heavy metal ions (HMIs), elements with atomic weights between 63.5 and 200.6,1 

pose a risk to human health as their non-biodegradable nature can lead to their 

accumulation in the human body.2 Where nickel is considered fundamental in the 

human body aiding a key role in several enzymes,3 when present in higher 

concentrations, it is known to increase the risk of lung cancer,4 dermatitis,5 and 

disorders of the central nervous system.6 Accordingly the World Health Organisation, 

WHO, have placed limits on nickel(II) concentrations acceptable in drinking water,7 

must be lower than 0.34 μM.8 With growing human industrial activities such as mining,9 

metal processing,10 and pesticide useage,11 there are increasing amounts of HMI’s 

released into the environment.  

Traditional analytical methods for the detection of HMIs have focused on  atomic 

absorption,12–15 and mass spectrometry.16–19 Viewed as ‘gold standard analytical 

techniques’ due to their sensitivity, reliability and ability to simultaneously analyse 

multiple elements.20–23 However their use can be limited by their high cost of 

machinery,24 expensive operation,25 and in cases extensive sample preparation 

needed.26 Alternative techniques have been developed allowing the simple, rapid, 

onside detection of metal ions. Examples of such sensors include the use of 

colorimetric,27–29 fluorescence,30–33 and electrochemical sensors.34,35 Paper Based 

Assays (PADs) are an area of increasing interest due to their low cost, viable mass 

production, ease of fabrication and modification and ease of disposability.28,36,37 

Nanopore technologies have also been applied to the detection of metal ions through 

an array of sensing methods. Biological nanopores record individual binding events 

between analyte molecules and a single receptor,38 and have detected metal ions 

through the modification of  the inner wall of the pore with metal ion recognition sites,39 

or using DNA/peptides as recognition elements binding with metal ions pre 

translocation of the nanopore,40–42 and even using DNAzymes then monitoring the 

cleavage products.43 Solid State Nanopores (SSNs) have used similar detection 

mechanisms,44,45 and have also been incorporated methods using nanoparticles as 

carriers for metal ion recognition elements allowing characterisation through changes 

in carrier speed and/or pulse shape in the presence/absence of metal ions, figure 

1a,46–48 SSN’s are also capable of exhibiting Ion Current Rectification (ICR), figure 1b, 

an asymmetric current-voltage (I-V) response of nanopores when potential bias is 

applied, also described as non-ohmic behaviour, figures 1c.49,50 ICR in nanopores is 



a result of the electrostatic interactions between the substrate of the nanopore and the 

electrolyte solution. The surface charge of the nanopore causes ions of the same 

charge polarity (co-ions) to be depleted from the electrolyte near the nanopore, 

whereas ions with the opposite charge to the nanopore (counter-ions) accumulate in 

electrolyte near the nanopore.51–53 

To the best of our knowledge there has not yet been an assay which utilises a PAD 

functionalised with recognition elements, which is then “read” by ICR as the signal 

transduction element. Developing a single sensor for multiple PAD surfaces, that could 

then also be used for RPS experiments, would allow for the fast, simple qualitative 

detection of analytes in solution. Previous work within the group has developed the 

use of a range of recognition elements for heavy metal ions,46–48 and herein a peptide 

aptamer for the detection of nickel was used to develop the assay. 

The concept utilises PAD’s with different surface charge densities, that when applied 

directly to the top of the nanopore, affect the accumulation/depletion of ions, which in 

turn will affect the I-V curve and rectification ratio. To enhance this the inner pore wall 

was modified with two different polymers, polyacrylic acid–maleic acid (PAAMA), and 

polyethylene amine (PEI) to achieve a negative and positive coating, respectively. The 

coating was stable over three days and could be applied quickly, <20 minutes, when 

required. To demonstrate the ability to measure changes in PAD surface charge, 

nitrocellulose paper (negatively charged) was applied to nanopores with both inner 

coatings. The PADs were then functionalised with a peptide and DNA aptamers able 

to bind to metal ions. The ICR was shown to be specific to the binding of the HMI, the 

assay was expanded to include different aptamers to allow for the detection of multiple 

metal ions simultaneously. Using DNA aptamers, the assay was applied to the 

detection of mercury and lead ions. A PAD was designed with the three different 

aptamers on to demonstrate the multiplex detection of heavy metal ions 

 

  



Figure 1: (a) Schematic of the change in current-voltage curve when a pore is coated 

with a positive and negative surface charge. Schematic of the nanopore after coating 

with negative charge, (b) with a negative bias applied and (c) with a positive bias 

applied. (di) Schematic of three forces; electroosmotic, blue, fluid, orange, and 

electrophoretic, green, acting on a particle as it translocates the pore. (dii) Schematic 

of how the electroosmotic forces increases with the addition of a negative coating on 

the inner pore wall. 

  

  



Experimental Poly(ethylenimine) (PEI, Mw 600,000-1,000,000 g mol-1, 50 wt %, 03880), 

poly(acrylic acid-co-maleic acid) (PAAMA, Mw ~ 3,000, g mol-1, 50 wt %, 416053), nickel 

sulphate hexahydrate (ACS reagent, 99.0 %, 227676), lead nitrate (ACS reagent, 

≥99.0 %, 228621) mercury chloride (ACS reagent, ≥99.5 %, 215465), chromium 

chloride hexahydrate (reagent, ≥98.0 %, 27096) and iron chloride (reagent grade, 

97 %, 157740) were purchased from Sigma-Aldrich, UK. Calcium chloride (fused 

granular, 11488093) and potassium chloride (reagent grade, 1160386) were 

purchased from Fisher Scientific, UK. Carboxylated polystyrene particles were 

purchased from Bangs Laboratories US, denoted as CPC200 (mode diameter 210 nm, 

measured concentration 1 x 1012 particles/ mL). Nanopores were purchased from Izon 

Science Ltd NZ, and termed NP200 from the supplier. Reagents were prepared in 

deionised water (Elga PureLab), with a resistance of 15 MΩ cm. 

Custom peptides and DNA oligonucleotides. Custom peptides were purchased 

from Mimotopes, Australia, in lyophilised form, minimum purity 96 %. They were 

purified and checked by reverse phase HPLC by the manufacturer. The peptide details 

are peptide 1; biotin- DTDTDTDTDHHHHHH-OH, peptide with six histidine tag (nickel 

aptamer), and peptide 2 biotin- DTDTDTDTD-OH, peptide without six histidine tag, 

and DNA oligonucleotides were purchased from Sigma-Aldrich, in lyophilised form, 

purified using reverse-phase cartridge purification by the manufacturer. The 

oligonucleotide ordered was biotin-TTCTTTCTTCGCGTTGTTTGTT-3’ (mercury 

aptamer) and biotin-GGAAGGTGTGGAAGG-3’ (lead aptamer). All were diluted to a 

100 µM stock solution using deionised water. 

Nanopore coating. The nanopores were coated by incubating the pore in a polymer 

solution (5% w/v in DI water) at a stretch of 45 mm for 30 minutes followed by rinsing 

with DI water and drying. 

Particle testing. Carboxylated polystyrene particles were ran through a nanopore 

before and after coating with PAAMA. NP200s nanopores were used, they can 

analyse particles from 85-500 nm. More than 200 particles were measured for each 

sample run. After each measurement was taken the nanopore was cleaned by first 

rinsing the upper fluid cell with background buffer before the buffer was removed and 

replaced multiple times each time a different pressure or vacuum was applied.  



PAD functionalisation. Nitrocellulose paper was placed in an avidin solution (1 

mg/mL in DI water) for minimum 30 minutes, rinsed with DI water before incubation 

with the peptide aptamer. Finally, they were washed before analysis.  

Sample testing. Post incubation with the aptamer the PADs were placed in the test 

solution for 30 minutes before being rinsed and analysed. Nickel(II) solutions were 

made up to either 1, 0.5 or 0.25 µM with DI water, and the mixture of metal ions were 

all prepared at 1 μM. Environmental water samples were collected from a lab tap, an 

outdoor pond next to the chemistry department, and they were spiked with nickel to 

make a 1 µM solution.  

Multiplex testing. To prepare the multiplex PAD a 6cm by 1 cm strip of 

chromatography paper was cut, and three boxes marked out using pencil. 5 µL of 

avidin solution was dropped into each box and left for 30 minutes to bind, this was 

repeated with 5 µL of the required aptamer and 5 µL of the test solutions or DI water 

(blank).  

RPS set up. A qNano (Izon Science Ltd, NZ) was used to complete all the 

measurements for this study. A qNano uses data capturing software (Izon Control 

Suite v3.3) to record the particles as they traverse the pore. The lower fluid cell 

contained 80 µL of KCl solution and the upper fluid cell contained 40 µL sample 

solution. For all experiments an NP200 nanopore was used.  

Current-voltage measurements. To ensure a current was established 2 µL of KCl 

solution was placed on the pore, then the PAD was put on this and finally the upper 

fluid cell was clipped into place and 40 µL KCl added. The current was then measured 

at 1.60, 1.20, 0.80, 0.40, -0.40, -0.80, -1.20 and -1.60 V, allowing 5 s for the current to 

stabilise before the current was recorded.   

  



Results and Discussion 

The use of ICR within sensing strategies have typically utilised pore diameters that are 

comparable to the scale to the double layer.51 However there are reported examples 

that break this rule, due to the highly charged surfaces extending ICR to pores of 

submicron scale.54,55 One recent example of a pore that rectifies was polyurethane, 

PU. These PU pores have been shown to exhibit ICR behaviour even when the pore 

size is above 400 nm in diameter.55 They are supplied with a conical shape, the narrow 

end referred to as the pore mouth, with a small negative surface charge,56 and reports 

speculate that the ICR behaviour may arise from cracks, defects within the pore wall 

structure as opposed to the whole pore volume.54 Here the as purchased pores are 

modified to both enhance the surface charge and charge density. To modify the 

surfaces the layer-by-layer, LbL, assembly was utilised as previously reported.54 For 

ease of application Poly(ethyleneimine) (PEI), which forms a positive bilayer, and 

poly(acrylic acid-co-maleic acid) (PAAMA), which forms a negative bilayer, were 

chosen. To measure the ICR we report the degree of current rectification as the ratio 

of absolute current recorded at two potentials namely ± 1.60 V, 54 or where needed 

current-voltage (I-V) curves were measured by scanning the voltage from +1.60 V to 

-1.60 V.  

Prior to any LbL chemistry, the pore wall possesses a slight negative charge56 

exhibiting a weak ICR of circa < 1.11 see figure 1a, after coating with PAAMA or PEI 

it was possible to measure a stronger ICR response > 2.00 and < 0.20 respectively, 

Figure 1a. Shown in table 1 are the voltages measured at 1.60 and - 1.60 V for two 

pores pre and post coating. 

Table 1: The measured currents for two pores at + 1.60 and - 1.60 V pre and post 

coating with PAAMA or PEI. 

For Resistive Pulse Sensing, RPS, shown in figure 1d, each analyte that translocates 

the pore produces a pulse referred to as the pulse magnitude, Δip, that is related to 

the volume of the particle. The width or full width half-maximum, FWHM, relates to the 



velocity of the particle and the frequency of pulses relates to the concentration of 

nanoparticles.56 Studies within RPS have demonstrated how in the absence of 

convection the velocity can be proportional to the analyte or pore’s surface charge.48,57 

56 The velocity of the particle is a combination of the electroosmotic flow, EO, and 

electrophoretic movement, EP, under the influence of an applied electric field, shown 

in figure 1d. The velocity of nanoparticles through PU pores have been used to 

determine their zeta potential.56 Modifying the pore with LbL chemistry should result 

in a change in EO and a measurable change in translocation velocity of particles. To 

demonstrate that the LbL had not formed a porous layer blocking the whole pore, 200 

nm particles were passed through the PU membrane, and then again post coating with 

PAAMA, Figure S1. Although there was a drop in the average particle rate, from 168 

to 46 particles per min, the baseline current did not change by more than 10% 

indicating no significant change in pore size, the average blockade magnitude only 

slightly decreased slightly, by less than 10 % across the three runs.  

Converting the translocation velocity into a zeta potential is performed by measuring 

the velocity at a range of voltages, interestingly coating the pore with PAAMA resulted 

in an enhanced ratio of velocities, Figure 2b.56 The ratio of particle speeds taken at V1 

a high voltage and V3 a low voltage, figure 2b, suggests this might aide future zeta 

potential measurements. The average speeds for the particle velocities for each 

voltage reported in Table S1. The improved ability to differentiate the velocity of 

particles was not the aim here and RPS is used as an indicator of an open pore. This 

result also shows that our previous particle-based assays could be added to the PADS 

assay here as a single platform for a range of sensing applications. 



The durability of the PAAMA coating was tested over four days, the coating was shown 

to have the higher ICR on day one and showed little variation on days two and three 

before it was no longer able to ICR on day four, Figure S2. 

 

Figure 2: (a) Current-voltage curves of the nanopore coated with PAAMA, green, and 

PEI, purple. (b) Ratio of V1/V3 reported for three different nanopores pre, grey, and 

post, red, modification with PAAMA. Measured in PBS with a 47 mm stretch and no 

pressure applied, on the same day with more than 200 particles counted. 

One area of ICR which has not been exploited is how external stimuli, e.g. a piece of 

paper placed on top of the nanopore affects the I-V response. Although a similar 

mechanism is used in Scanning electrochemical microscopy,58,59 the application of a 

sensing strip to a Nanopore has not been shown for analytical purposes, although we 

note that placing buffers of different ionic strength and pH either side of the pore has 

been explored.60,61 Paper Based Assays (PADs) are an area of increasing interest due 

to their low cost, viable mass production, ease of fabrication and modification and ease 

of disposability.28,36,37 Previous work using ICR to detect metal ions has focused on 

binding recognition elements to the inner pore walls allowing the selective binding of 

specific analytes which in turn affect the ionic transport across the nanopore altering 

the I-V curve seen.54 Examples of such recognition elements include aptamers,54,62 

amino acids,63–65 and proteins.66,67 However, this limits the number of analytes the 

system can detect simultaneously and is not a simple system to prepare or regenerate. 

Such ICR assays have been demonstrated for several different heavy metal ions 

including mercury,68,69 copper,70,71 and cobalt.72   



It was hypothesised that the ICR behaviour of the pore would be strongly influenced 

by the local chemical environment at the pore mouth i.e. placing a surface, figure 3a, 

of differing ionic strength/ surface charge density on top of the pore, figure 3b, would 

change the ICR behaviour. To test this a cellulose strip, with no/little inherent surface 

charge was placed on top of a PAAMA coated PU pore, shown in figure 3b. Before 

the cell was assembled the pore was filled with 5 mM KCl and the paper was soaked 

in the same solution for 15 seconds before being placed on top of the pore. The 

recorded ICR, figure 3d and e, was unchanged from the signal without the 

chromatography paper. Next a PAD with an inherent negative surface charge, 

nitrocellulose paper,73 was placed on top of the PU pore, figure 3f, g.   



Figure 3: (a) Schematic of avidin binding to the nitrocellulose paper strip before the 

biotinylated ligand binds with the avidin on the paper surface. (b) Set up of the qNano 

with a strip of chromatography paper placed on top. (c) Shows the change in current-

voltage curve seen when a positive or negative PAD is place on the pore, schematic 

of the aptamer functionalised PAD being placed on the pore before (i) and after (ii) 

binding with target ions. (d and e) Current-voltage curves of chromatography paper 



(no inherent charge), soaked with 5 mM KCl, on a nanopore coated with PAAMA (d) 

and PEI (e). (f and g) Current-voltage curves of  nitrocellulose paper (negative charge) 

on a nanopore coated with PAAMA (f) and PEI (g). Blanks, no paper present, purple, 

and green, paper present. Current-voltage curve data was obtained on NP200s 

nanopores with 5 mM KCl electrolyte  

When the nitrocellulose paper was placed on a pore modified with PAAMA, the current 

observed at -1.60 V was seen to increase from -17.25 nA, , to -32.45 nA in the 

presence of the PAD surface, whilst the current measured at 1.60 V remained the 

same, Figure 3f. In contrast when the paper was placed on a pore modified with PEI, 

the current observed at -1.60 V did not change a significant amount from - 4.4 to - 3.5, 

however the current observed at 1.60 V dropped from 55 to 3.2 nA without and with 

nitrocellulose paper respectively, Figure 3g. Repeats of these experiments on the 

same pore and same day but with different pieces of paper are shown in Figure S3. 

This confirmed the pores ability to sense the surface chemistry/charges on the papers 

surface.  

Inspired by the change in the ICR response in the presence of different PAD surfaces, 

the next stage was to incorporate biorecognition elements onto the PADs surface. 

Utilising the well-known nonspecific binding of proteins to nitrocellulose, avidin was 

placed onto the nitrocellulose surface, shown schematically in figure 3a. This meant 

the surface could be modified further with biotinylated recognition elements. First we 

demonstrated this using a peptide aptamer terminating with a six histidine tag, shown 

to bind to nickel(II) ions.48 This aptamer was chosen as the histidine tag holds the 

nickel(II) ions away from the PAD surface, creating a positive outer layer.48  

With the system used here it is possible to apply a pressure to the upper fluid cell, 

forcing the liquid from the upper fluid cell through the pore. In the presence of a PAD, 

it was hypothesised that the applied pressure would hold the PAD’s closer to the pore 

mouth, giving a more reproducible setup and distance between the pore more and 

PAD surface. A PAD was placed on a pore coated with PAAMA, and the applied 

pressure was varied from 0 to 15 cm, as shown seen in Figure S4. From 0 to 10 cm 

of pressure applied the current was seen to increase from -19.15 to -24.15 nA. after 

10 cm increasing the pressure did not affect the current measured. No significant 



difference in current was observed above 0 V, indicating that the ICR affect was not 

diminished due to the addition of pressure.  

During the pressure testing the position of the PAD on the PU pore was not moved 

between I-V curve measurements. To test deviation between I-V curves taken with 

different PAD positions on the pore an I-V curve was taken three times with the same 

pore and paper strip, the system was taken apart and the paper moved between each 

measurement. It was observed that the current observed at -1.60 V varied between -

25.75 and -30.9 nA, Figure S5. From this we determined that for a result to be 

considered a significant change the current needed to change by > 5 nA. 

As previously mentioned, it is known that the histidine peptide aptamer binds with 

nickel(II) ions in solutions, to test the ability of the assay to measure the binding of 

nickel(II) to the PAD, PADs functionalised with the peptide aptamer, peptide 1, were 

incubated in a 1 μM nickel(II) solution for 30 minutes. The PAD was then rinsed and 

placed on the pore, the I-V curved was measured and a significant decrease in the 

current measured at -1.60 V , from -21.15 to -7.1 nA respectively, was recorded, figure 

4a. Repeats of these using the same pore but different test strips are shown in the 

figure S6 and as can be seen the current recorded at -1.60 V decreased by more than 

5 nA between each test.  

To confirm the nickel(II) was binding specifically with the histidine tag a PAD 

functionalised with a different peptide aptamer, peptide 2, which has no his-tag present 

on the end was incubated in a 1 μM nickel(II) solution for 30 minutes. Here when the 

PAD was placed on the pore no significant change in the I-V curved was measured 

for the blank vs. test solution, figure 4b. Repeats of these using the same pore but 

different test strips are shown in the figure S6 and as can be seen the current recorded 

at -1.60 V did not vary by more than 5 nA between each test. 



 

Figure 4: Current-voltage curves of a PAAMA coated pore with a PAD functionalised 

with; (a) peptide aptamer with no histidine tag present, (b) peptide aptamer with the 

six-histidine tag present, both incubated with, green, and without, purple, 1 μM 

nickel(II). (c) Six-histidine peptide aptamer, incubated with, blue and without, purple, 

a mix containing 1 μM calcium(II), chromium(III) and iron(III). (d) Six-histidine peptide 

aptamer, incubated with, green and without, purple, a mix containing 1 μM nickel(II), 

calcium(II), chromium(III) and iron(III). All current-voltage curve data was obtained on 

NP200s nanopores with 5 mM KCl electrolyte. 

To demonstrate the selectivity of the assay to nickel(II) ions, the PAD was incubated 

with a mix of metal ions; calcium, chromium, and iron, all present at 1 μM. As shown 

in Figure 4c, there was no significant change measured in the I-V curves observed 

when the other metal ions were present. When nickel(II) ions were added to the 

mixture, the current measured at -1.60 V once again decreased significantly, from -

30.8 to -15.55 nA respectively, Figure 4d. Repeats of these experiments are shown in 

Figure S7. 



Due to the current inability to control the density of avidin binding or the Aptamers on 

the PAD’s surface it was not expected to be quantitative assay and would also explain 

some variation in signal across the surface of the PAD. However, if control over the 

paper area size, number of avidin binding site and therefore number of aptamers 

binding we expect that with future work this could be developed into a quantitative 

assay. This was not considered an issue as this test could be used to indicate the 

presence of metal ions and if quantification is needed the test solution can be used in 

a particle assay as previously described.46–48 However, as shown in Figure 5ai and 

5aii, when tested on different pores on different days it was possible to measure 

nickel(II) concentrations down to 0.25 μM, which is below the environmentally 

acceptable limit for drinking water.74 Repeats on two more pores are shown in Figure 

S8. Further, as previously demonstrated the pore can still measure particles after 

coating with PAAMA, so should the PAD indicate the presence of nickel(II) is it possible 

to measure the quantity of nickel(II) using the previously developed method by simply 

adding peptide functionalised particles to the sample.48  

As a demonstration of the assays ability to be used in more complex matrices, 

environmental water samples were collected. Tap water from the lab tap and pond 

water from a local pond was collected for testing. Two water samples were taken, one 

of which was spiked with 1 μM nickel(II). PADs were dropped in and incubated for 30 

minutes. As can be seen in Figure 5b and 5c there was no sample interference 

observed, with the PADs able to measure a significant decrease in the current 

measured at -1.60 V. Repeats of these experiments are shown in Figure S9. 

Finally, to show the flexibility of the assay the PAD was functionalised with DNA 

aptamers for lead and mercury. These are known to bind with their respective metals 

and not suffer from interferences.46 The previous RPS assay measured the binding of 

lead and mercury through a decrease in the speed of the DNA functionalised 

nanoparticles as the DNA aptamer binds with the metals, decreasing the nanoparticle 

charge. This assay was able to measure the binding of each metal ion through a 

decrease in the current measured at -1.60 V. There current-voltage curves are shown 

in figure 6, repeats are shown in Figure S10.  

 



 

 

Figure 5: Current-voltage curves of PAAMA coated pore with a PAD functionalised 

with the peptide aptamer incubated with; (a) 0 μM, purple, 0.25 μM, blue, 0.5 μM, 

yellow and 1 μM, green, nickel(II), (b) tap water spiked with, green, and without, purple, 

1 μM nickel(II), (c) pond water spiked with, green, and without, purple, 1 μM nickel(II). 

All current-voltage curve data was obtained on NP200s nanopores with 5 mM KCl 

electrolyte. 

Conclusions 

Here we present a method that utilises the ICR within a Nanopore to “read” the 

presence or absence of metal ions in solutions. The binding of nickel(II) to the PAD is 

measured through a significant decrease in the current observed at -1.60 V. The assay 

was shown to work in environmental samples with incubation times of 30 minutes. The 

assays versatility was demonstrated through its ability to be applied with different DNA 

aptamers and different metal ion targets.  
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