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Probe-Assisted Detection of Fe3+ Ions in a Multi-Functionalized 

Nanopore 

Abstract 

Iron is an essential element that plays critical roles in many biological/metabolic processes, 

ranging from oxygen transport, mitochondrial respiration, to host defense and cell signaling. 

Maintaining an appropriate iron level in the body is vital to the human health. Iron deficiency or 

overload can cause life-threatening conditions. Thus, developing a new, rapid, cost-effective, and 

easy to use method for iron detection is significant not only for environmental monitoring but also 

for disease prevention. In this study, we report an innovative Fe3+ detection strategy by using both 

a ligand probe and an engineered nanopore with two binding sites. In our design, one binding site 

of the nanopore has a strong interaction with the ligand probe, while the other is more selective 

toward interfering species. Based on the difference in the number of ligand DTPMPA events in 

the absence and presence of ferric ions, micromolar concentrations of Fe3+ could be detected within 

minutes. Our method is selective: micromolar concentrations of Mg2+, Ca2+, Cd2+, Zn2+, Ni2+, Co2+, 

Mn2+, and Cu2+ would not interfere with the detection of ferric ions. Furthermore, Cu2+, Ni2+, Co2+, 

Zn2+, and Mn2+ produced current blockage events with quite different signatures from each other, 

enabling their simultaneous detection. In addition, simulated water and serum samples were 

successfully analyzed. The nanopore sensing strategy developed in this work should find useful 

application in the development of stochastic sensors for other substances, especially in situations 

where multi-analyte concurrent detection is desired. 

 

Keywords: Multi-functionalized nanopore; Molecular probe; Ferric ions; Multi-analyte 

simultaneous detection; Single-molecule sensor 
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Introduction 

Iron is one such element that is plentiful and crucial in nature. Particularly in humans where ~70% 

iron is stored in the form of hemoglobin in blood and as myoglobin in muscle, many biological 

processes depend on iron as a cofactor (Chakraborty et al., 2020). It possesses a unique property 

of being an electron donor as well as acceptor, and hence plays important roles in many 

biological/metabolic processes (e.g., carrying out electron transport reactions, transferring of 

oxygen, and DNA synthesis) (Boldt, 1999). Accordingly, maintaining an appropriate iron level in 

the body is vital to the human health. Iron deficiency or overload can cause life-threatening 

conditions. For example, when there is not enough iron in the body, iron deficiency anemia can 

develop. Furthermore, iron deficiency can lead to poor oxygen transfer to cells, liver problems, 

diabetes, etc. On the other hand, hemochromatosis is an iron overload disease. Excess iron can 

build up in organs such as liver, heart, and endocrine glands and cause damage. It has also been 

reported that iron overload can cause Alzheimer’s, Huntington’s and Parkinson’s diseases through 

the formation of free radicals (Harigae, 2018). Accordingly, determination of total serum iron 

concentration and total iron binding capacity test have been useful methods in disease diagnosis 

such as anemia and hemochromatosis in clinical settings (Hirayama and Nagasawa, 2017). It 

should be noted that iron can enter environmental water bodies through many ways such as metal 

mining, industrial waste dumping, oxidation of water pipelines and as raw material for 

manufacturing purposes. The imbalance of iron levels in environmental water bodies can 

negatively impact the marine ecosystem. Since serious health problems can occur in humans due 

to uncontrolled and excessive intake of iron in the body, the US Environmental Protection Agency 

(EPA) has set the maximum allowance level of 5.4 µM for Fe3+ ions in drinking water. Thus far, 

several analytical techniques have been developed for Fe3+ detection, including fluorescence-based 

(Cui et al., 2019; Liu et al., 2022; Shellaiah et al., 2020; Ye et al., 2022); electrochemical (Bansod 

et al., 2017; Laglera and Monticelli, 2017; Wu et al., 2023; Zhu et al., 2017), inductively coupled 

plasma mass spectrometry (ICP-MS) (Qin et al., 2021; Shariff et al., 2018; Yu et al., 2020) and 

atomic spectroscopy (dos Santos et al., 2022; Paz-Rodríguez et al., 2015). However, most of these 

methods require the use of expensive and complex instruments, and/or involve extensive sample 

preparation and are time consuming. Therefore, there is a need for the development of a new, rapid, 

cost-effective, and easy to use method for detection of iron in clinical, environmental and industrial 

samples. 
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Nanopore sensing has gained increasing interest due to its advantages of label-free and single 

molecule analysis. When an analyte passes through a nano-scale sized channel under a fixed 

potential bias, it undergoes transitory interactions (e.g., electrostatic, H-bonding, aromatic, etc.) 

with the inner walls of nanopore, resulting in ionic current modulations (events). As each event 

corresponds to the direct sensing of a single molecule passing through the channel, nanopore 

technique provides important information such as size, charge, and concentration of the analyte. 

Over the last two decades, nanopore has been used as a versatile tool for various applications. 

These include enantiomeric discrimination (Kang et al., 2006), studying covalent and noncovalent 

interactions (Chen et al., 2021), probing enzymatic activity and kinetics (Zhou et al. 2016), and 

biosensing of numerous species such as DNA (Kececi et al., 2022; Li et al., 2021; Lu et al., 2015; 

Wang et al., 2018), RNA (Lee et al., 2021; Rozevsky et al., 2020; Zhang et al., 2022), proteins 

(Ahmad et al., 2023; Hu et al., 2021; Zhang et al., 2020), polymers (Singh et al., 2023), heavy 

and/or radioactive metals (Roozbahani et al., 2018, 2017; Song et al., 2023; Vaneev et al., 2023), 

and toxic substances (Han et al., 2015; L. Wang et al., 2014). In particular, in terms of metal ion 

detection, three major strategies have been developed, including (i) creating metal ion binding sites 

in the inner surface of the nanopore (Bayley et al., 2000; Cao et al., 2019; X. Chen et al., 2021; 

Choi et al., 2013; Zhan et al., 2020); (ii) utilization of a ligand probe (Roozbahani et al., 2018, 

2017; G. Wang et al., 2014; Wang et al., 2013, 2016, 2017; Wei et al., 2018); and iii) taking 

advantage of enzymatic reactions (Liu et al., 2016; Roozbahani et al., 2019; Zhou et al., 2016). An 

excellent review regarding nanopore-based metal ion detection has been written by Roozbahani 

and co-workers recently (Roozbahani et al., 2020). In this work, we are demonstrating a new 

strategy for metal ion detection by using both a ligand probe and an engineered nanopore with two 

binding sites to improve the sensor selectivity and enable multi-analyte concurrent quantification. 

Our developed nanopore sensing strategy should have potential application in monitoring Fe3+ in 

real world samples such as running water, lake water, and even in biological fluids such as human 

serum.  

 

Experimental Section 

1.1.  Materials and Reagents 
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DTPMPA (short for Diethylenetriaminepenta(methylene-phosphonic acid)), NaCl, HCl (ACS 

reagent, ≤1 ppm heavy metals), NaH2PO4 (BioXtra grade, 99.5%), Trizma base (BioXtra grade, 

≥99.5%), Fe(NO3)2, CaCl2, Ni(NO3)2 , Co(NO3)2, Cd(NO3)2, Mg(NO3)2, Cu(NO3)2, Zn(NO3)2, 

Mn(NO3)2, and human serum (from human male AB plasma, USA origin) were purchased from 

Sigma-Aldrich (St. Louis, MO).  All the stock solutions, including those of the metal salts as well 

as the ligand DTPMPA, were prepared at 10 mM each using HPLC-grade water. The buffer 

solution used for nanopore experiments contained 1 M NaCl and 10 mM Tris with the solution pH 

adjusted to 7.5 with HCl. The phosphatidylcholine-1,2-diphosphocholine lipid was bought from 

Avanti Polar Lipids (Alabaster, AL). Teflon film was ordered from Goodfellow (Malvern, PA), 

and the engineered His-tagged α-hemolysin (α-HL) (M113K)7 protein was synthesized according 

to a protocol described previously (Han et al., 2015; Zhao et al., 2008). 

1.2. Single-channel Recording Experiments 

A vertical chamber set-up was used to carry out single-channel recordings. Briefly, two 

compartments, cis and trans, were created with a Teflon film as the septum, and a DPhPC bilayer 

was produced over a 120-150 µm opening in the film using the Montal-Mueller technique (Montal 

and Mueller, 1972). The solutions in the compartments consisted of 1 M NaCl buffered with 10 

mM Tris at pH 7.5. In the cis compartment, which was connected to "ground," α-HL proteins and 

DTPMPA were introduced. The final α-HL protein concentration for single-channel insertion was 

0.05-0.2 ng/mL. Using a patch-clamp amplifier (Axopatch 200B, Molecular Devices, Sunnyvale, 

CA), we were able to capture ionic currents that were filtered at 5 kHz by an integrated four-pole 

Bessel filler and sampled at 20 kHz by a computer connected with a Digidata 1440A A/D converter 

(Molecular Devices). 

1.3. Data Analysis 

Clampfit 10.7 (Molecular Devices) software was used to obtain the amplitude and duration of the 

single-channel blockage events. Briefly, the event mean residence time (τoff) was calculated from 

the dwell histogram by fitting with a single exponential function. To derive the blockage 

amplitude, a Gaussian function is used to fit the amplitude histogram. The results of Fe3+ detection 

in this study are reported in the form of percent reduction of DTPMPA events, which is calculated 

using the equation: Δn / n0 = (n0 -n1) / n0, where n0 and n1 represented the number of DTPMPA 

events in absence and presence of metal ions. Each single channel recording experiment was run 
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for a minimum of 10 minutes. For each sample testing, experiments were conducted at least three 

times with a fresh protein nanopore employed. 

 

2. Results and Discussion 

2.1. Probe Selection and Sensing Element  

As documented in the literature (Roozbahani et al., 2018, 2017; Wei et al., 2018), direct 

detection of metal ions based on their translocation in a nanopore is challenging due to their rapid 

translocation, the incompatible size/dimension between them and the nano-channel, and the 

resolution of the nanopore sensing equipment. To sensitively detect ferric ions, DTPMPA (short 

for diethylenetriamine penta(methylene phosphonic acid), Fig. 1a) was used as a chelating probe 

in our investigation. DTPMPA molecules are hard bases due to the presence of plenty of amine N 

and phosphonate O atoms, while iron ions are hard acids. According to the soft and hard acid-base 

principle, iron ions can easily combine with O and N (Mady et al., 2021). Moreover, DTPMPA (in 

salt form) is water-soluble, which makes it a good ligand probe used for nanopore analysis. 

Unfortunately, although DTPMPA is a bulky molecule, its translocation in the wild-type α-

hemolysin (α-HL) nanopore rarely produced observable current modulation events due to the 

strong electrophoretic force exerted on DTPMPA as well as the weak interaction between 

DTPMPA and the nanopore. Note that α-HL protein is the most widely used stochastic sensing 

element  in the nanopore field, which has an opening of approximately 2.6 nm in diameter and a 

constriction of about 1.4 nm in diameter (Song et al., 1996). To slow the translocation of DTPMPA 

in the nanopore, a functionalized α-HL nanopore, namely M113K, was designed and utilized as 

the sensing element in this study. In the produced M113K protein pore, the methionine residues at 

position 113 of the wild-type α-HL were replaced by lysine amino acids. The presence of 7 lysine 

residues near the constriction of the α-HL pore makes it anion selective  (Gupta et al., 2013), thus 

enhancing the resolution of the nanopore toward detection of DTPMPA (which is a negatively 

charged species). However, due to its polydentate ligand property, DTPMPA can potentially 

interact with many other metal ions, thus interfering with the detection of the target Fe3+ ions. To 

minimize the potential interference from other metal ions, we further engineered this protein pore 

with 6 histidine tags at position 293, which is close to the cis entrance of the channel (Fig. 1b). It 

is well known that histidine residues possess strong affinity towards divalent metals such as Cu2+, 
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Ni2+, Co2+, and Zn2+ due to the strong chelation interactions  (Liu et al., 2016; Minicozzi et al., 

2008; Roozbahani et al., 2017; Wang et al., 2020). Thus, the combined use of the DTPMPA ligand 

probe and His-tagged M113K protein provided an effective method for the detection of Fe3+ in 

aqueous solutions with high sensitivity and selectivity. Taken together, our sensing system is 

designed in such a manner that the competitive interaction between the ligand probe DTPMPA 

and Fe3+ as well as the lysine residues introduced into the α-HL pore determines the sensor 

sensitivity, while the relative binding affinities of Fe3+ versus other metal ions toward DTPMPA 

and the histidine residues located in the mushroom cap of α-HL play important roles in the sensor 

selectivity.  

The strategy for nanopore detection of Fe3+ is shown in Fig. 1c. In the absence of metal 

ions, the translocation of the ligand probe DTPMPA through the nanopore produced current 

blockage events with large amplitude and long residence time due to its large molecular size and 

its strong interaction with the lysine residues (i.e., the recognition site) introduced in the engineered 

nanochannel. In contrast, in the presence of Fe3+ ions, new events with shorter dwell time and 

smaller blockage amplitude will appear, accompanied by a significant reduction in the frequency 

of the ligand DTPMPA events. The short-lived events are attributed to the formation of metal-

DTPMPA complex as the complex carries considerably lesser negative charge than uncomplexed 

DTPMPA molecule, thus leading to a weaker interaction with the recognition site.  

 

Figure 1. Nanopore sensing of Fe3+ with DTPMPA and a His-tagged α-HL M113K protein pore. Structures 

of a) DTPMPA and b) His-tagged M113K α-HL protein pore with the His-tag positions highlighted as gold 

colored spheres; and c) Schematic representation of the principle of Fe3+ detection. DTPMPA alone in the 

nanopore generated one major type of long-lived events. However, in the presence of Fe3+, in addition to a 

decrease in the frequency of the ligand DTPMPA events, a new type of events (attributed to the 

DTPMPA-Fe3+complex) with different dwell time were produced. 
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2.2. Detection of Fe3+ ions using DTPMPA probe 

 

To examine the viability of utilizing our designed nanopore sensing strategy for Fe3+ detection, 

initial experiments were carried out at +40 mV under symmetric electrolyte conditions with 1 M 

NaCl and 10 mM Tris (pH 7.5) in the His-tagged α-HL M113K protein pore (note that this 

engineered protein was able to function properly at other experimental conditions such as high 

salt, salt gradient, acidic and basic solutions, Figs. S1-S5). As shown in Figure 2, in the absence 

of Fe3+, the interaction of DTPMPA (which was added to the cis side of the sensing chamber) with 

the α-HL nanopore produced one major type of current blockage events with a mean residual 

current of 4.5 ± 1.2 pA and residence time of 31.2 ± 4.9 ms. The appearance of large blockage 

amplitude and long dwell time events are reasonable because DTPMPA is a bulky molecule 

bearing negative charge, so that it would experience strong electrostatic interaction with the 

positively charged binding sites located in the M113K protein nanopore, leading to long-duration 

blockage of the flux of ions transferring through the nano-channel. In contrast, after addition of 

Fe3+ ions to the solution, we observed a striking decrease in the number of DTPMPA events, while 

a new type of events with shorter residence time (3.2 ± 0.5 ms) and larger residual current (14.3 ± 

0.8 pA) appeared (Figure 2b). Clearly, the new type of events was attributed to the produced Fe3+- 

DTPMPA complex. Compared with free DTPMPA, the Fe3+- DTPMPA complex molecules carry 

less negative charges, resulting in weaker interaction with the M113K protein nanopore. The quite 

different event residence time and blockage amplitude allowed for convenient separation of free 

DTPMPA from Fe3+-DTPMPA complexes. In addition, about 50% reduction in the frequency of 

DTPMPA events was observed after addition of Fe3+ ions to the DTPMPA-containing solution, 

further supporting the fact that the ligand was involved in complex formation when ferric ions 

were present. 
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Figure 2. Nanopore detection of Fe3+ ions using ligand DTPMPA. (a) 10 μM DTPMPA; and (b) 10 μM 

DTPMPA + 20 μM Fe3+. (Left) Typical single-channel current recording trace segments; and (Right) the 

corresponding event amplitude histograms. The experiments were performed at +40 mV with the His-

tagged (M113K)7 αHL pore in an electrolyte solution containing 1.0 M NaCl and 10 mM Tris (pH 7.5).  

Both DTPMPA and ferric ions were added to the cis compartment of the nanopore sensing chamber.  

Dashed lines represent the levels of zero current. 

 

2.3. Effects of voltage bias and DTPMPA concentration on ferric ion detection 

To determine an appropriate experimental condition on nanopore detection of Fe3+, we next 

investigated the translocation of DTPMPA in the nanopore at varying voltages in the presence and 

the absence of metal ions. Our study (Fig. 3) revealed that, with an increase in the applied potential 

bias from +20 mV to +60 mV, the event blockage residual current of both the ligand DTPMPA 

and the metal-ligand complex increased almost four times (from 2.4 ± 0.2 pA to 9.4 ± 0.9 pA, and 

from 6.7 ± 0.3 pA to 24.0 ± 1.5 pA, respectively).  In contrast, the event frequency of both the two 

species increased with the voltage until reaching +50 mV (from 1.9 ± 0.3 to 28.5 ± 2.0 and from 

2.0 ± 1.0 to 20.9 ± 1.9, respectively) and then decreased significantly at higher applied potentials. 

It is likely that, at a voltage bias larger than +50 mV, DTPMPA and its metal complex translocated 

through the nanopore too rapidly, so that many of their events could not be captured by the 

nanopore sensing instrument. Further data analysis showed that, the residence time of free 

DTPMPA decreased significantly (from 455.2  6.0 ms to 0.85  0.09 ms) as the applied voltage 

increased from +20 mV to +60 mV, and a similar approx. 97% reduction in the dwell time of 

DTPMPA- Fe3+ complex was observed. This observation is not unreasonable considering that our 

nanopore sensing strategy is based on a combination of electrostatic interaction and electrophoretic 

effect (note again that DTPMPA is a negatively charged species). Clearly, if we increase the 

applied potential bias, there would be more flux of ions passing through the channel and hence 

more events will be produced, meanwhile reducing the time that analyte molecules stay in the pore. 

A potential of +40 mV was chosen as the optimum voltage for the remaining experiments because 

although a larger event frequency was obtained at +50 mV, the resolution to differentiation 

between the DTPMPA events and the metal-ligand complex events decreased, making data 

analysis difficult and less accurate.  

At the optimum applied potential (i.e., + 40 mV), the plot of the event frequency as a function 

of the ligand DTPMPA concentration was further investigated. Our experimental results (Fig. 3d) 
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showed that the event frequency of DTPMPA increased linearly with increasing DTPMA 

concentration until it reached ~ 4 µM, suggesting that the sensitivity of the nanopore sensor would 

not differ significantly as long as the concentration of DTPMPA was not too large (more than 4 

µM). A concentration of 2 µM DTPMPA was chosen as the optimum ligand concentration and 

used in the remaining experiments, as it could yield enough events with a good signal to noise ratio 

required for data analysis within relatively short period of time.  

 

Figure 3.  The effect of the applied potential bias on the (a) blockage amplitude; (b) event frequency; and 

(c) residence time.  Experiments were performed with the His-tagged (M113K)7 αHL protein nanopore in 

an electrolyte solution containing 1 M NaCl and 10 mM Tris (pH 7.5) and in the presence of 10 μM 

DTPMPA and 20 μM Fe3+ at various voltages ranging from +20 mV to +60 mV. 

d) The plot of the event frequency versus DTPMPA concentration. These experiments were 

performed at +40 mV with the His-tagged (M113K)7 αHL nanopore. 
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With a fixed DTPMPA concentration at 2 µM and at a + 40 mV applied potential bias, the effect 

of Fe3+ ions concentration on the interaction between nanopore and DTPMPA was studied. The 

dose-response curve for Fe3+ detection was constructed by plotting the percent reduction in the 

number of DTPMPA events vs. Fe3+ concentration. We found out that there was a linear 

relationship between them (up to ~10 µM of Fe3+).  The limit of detection (LOD) for this system 

in a 10-minute recording was 0.28 µM (LOD is defined as the Fe3+ concentration yielding a signal 

equal to the mean of the blank signal plus three times the standard deviation of blank divided by 

the slope of the calibration curve). Such a detection limit, although not as impressive as those of 

electrochemical methods, is as good as those of other various sensitive Fe3+ detection methods 

developed thus far (Table S1). It is worth mentioning that iron is an abundant essential element for 

virtually all living organisms. It is not only present in the human body and environment, but also 

a widely used raw material for industry. Regular iron detection to prevent iron imbalance is highly 

important. Our developed nanopore sensor is sensitive enough for analyzing Fe3+ in clinical, 

environmental and industrial samples (note that the maximum limit of Fe3+ ions in drinking water 

set by the U.S. Environmental Protection Agency is 5.4 µM). Further improvement in the sensor 

sensitivity might be achieved by using a lower concentration of the ligand DTPMPA or changing 

the experimental conditions. For example, using high salt, employing an asymmetric electrolyte 

gradient instead of the conventional symmetric electrolyte buffer, and varying the pH of the 

electrolyte solution are well-established strategies to improve the sensitivity and resolution of the 

nanopore sensor (Chen et al., 2018; de Zoysa et al., 2011; Roozbahani et al., 2017; Wang et al., 

2014; Wanunu et al., 2010; Zhao et al., 2008). These studies are currently under way in out 

laboratory (Figs. S1-S5). 

To assess the selectivity of the Fe3+ nanopore sensor, eight metal ions with comparable 

chemical characteristics and/or distributions in natural water were selected as potential interfering 

species, including Ca2+, Mg2+, Zn2+, Ni2+, Co2+, Cu2+, Cd2+, and Mn2+. The effects of these eight 

metal ions on the translocation of DTPMPA in the engineered α-HL nanopore were investigated 

using the same experimental conditions as used in the Fe3+ dose-response study. Our experiments 

suggested that the presence of these metal ions in the solution would not have a significant impact 

on ferric ion detection although they indeed interacted with the ligand, forming complexes. To be 

more specific, based on the responses of the nanopore sensor toward the eight cationic species, 

they can be divided into two major categories. Similar to Fe3+, addition of Mg2+ and Cd2+ ions to 
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the solution did not affect the blockage amplitude and residence time of DTPMPA in the nanopore 

but resulted in a decrease in its event frequency. On the contrary, presence of Ca2+ in the solution 

led to an increase in the frequency of DTPMPA events (Fig. 4b), which might be attributed to the 

salt effect. Nevertheless, even at concentrations of 5 µM, these divalent metal ions only caused 

small event count changes (~3% for Mg2+, ~10% for Ca2+, and ~11% for Cd2+, respectively). 

Hence, their interfering effect is negligible, as a ~ 48% decrease in the number of DTPMPA events 

was observed after addition of Fe3+. On the other hand, if the solution contained Ni2+, Co2+, Cu2+, 

Zn2+, or Mn2+, DTPMPA produced current modulation events with quite different blockage 

amplitudes and residence time from those of DTPMPA alone or in the presence of Fe3+. For 

example, as shown in Fig. 4c, the blockage residual current of DTPMPA in the presence of Ni2+, 

Co2+, and Zn2+ was 6.95 ± 1.2 pA, 6.54 ± 1.8 pA, and 5.3 ± 0.4 pA, respectively, which can be 

differentiated from those of Fe3+ (4.5 ± 0.1 pA). Most strikingly, in the presence of Mn2+ or Cu2+ 

ions, DTPMPA events showed sub-state current levels, which set Mn2+ and Cu2+ apart from all the 

other metal ions. Additionally, the dwell time values of DTPMPA events in the presence of Ni2+ 

(6.9 ± 0.3 ms), Zn2+ (23.6 ± 4.5 ms), Mn2+ (44.1 ± 0.1 ms), and Co2+ (91.3 ± 3.4 ms) were quite 

different, allowing these four metal species readily differentiated. The significantly different 

responses of the nanopore sensor toward two categories of metal ions (i.e., Ca2+, Mg2+, Cd2+, and 

Fe3+ vs. Zn2+, Ni2+, Co2+, Cu2+, and Mn2+) suggests that the His-tags near the mushroom cap of the 

nanopore played a significant role in the sensor selectivity, which is in agreement with the fact that 

His-tags are well-known ligands for Cu2+, Ni2+, Co2+ and Zn2+ (Wang et al., 2020). To gain more 

insight into the mechanism of this sensing system, the interactions between the nanopore and Cu2+ 

/ Ni2+ were further investigated. Our experimental results showed that Cu2+ or Ni2+ alone in the 

nanopore didn’t produce any observable current modulation events. Furthermore, the open channel 

current did not change before and after addition of Cu2+ or Ni2+ (Figs. S6 and S7), indicating that 

the metal/His-tags interaction would not cause a size change in the -barrel of the nanopore (note 

that the -barrel determines the open channel current since it has a much smaller dimension than 

the mushroom cap and lumen of the nanopore). Therefore, it is likely that the interactions between 

the His-tags and Zn2+, Ni2+, Co2+, Cu2+, or Mn2+ might result in slight conformational changes in 

the nanopore lumen, which would then impact the translocation of DTPMPA molecules through 

the nanopore, thus producing events with different signatures. Taking together, although DTPMPA 

is not a highly specific chelating agent, its larger binding affinity with Fe3+ versus many other 
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metal ions and the interactions between the histidine tags and interfering metals as well as the 

possibly induced conformational changes in the nanopore lumen not only make the nanopore 

sensor more selective to Fe3+, but also enable potential simultaneous detection of Ni2+, Co2+, Cu2+, 

Zn2+, and Mn2+. 

               

 

 

Figure 4. Sensitivity and selectivity of the Fe3+ nanopore sensor. (a) Dose−response curve; (b) Interference 

study; and c) Superimposed single-channel current trace for DTPMPA alone, DTPMPA-Zn2+, DTMPA-

Ni2+, DTPMPA-Co2+, DTMPA-Mn2+, and DTPMPA-Cu2+. The experiments were performed at +40 mV 

with the His-tagged (M113K)7 α-HL protein nanopore in an electrolyte solution containing 1 M NaCl and 

10 mM Tris•HCl (pH 7.5) and in the presence of 2 μM DTPMPA. The concentrations of the metal ions 

shown in parts b and c were 5 μM each. In parts a and b, the change in the number of DTPMPA events after 

addition of Fe3+ or other metal ions to the solution was calculated by using the equation Δn = (n0 − n1) / n0, 

where n0 represented the number of DTPMPA events in the absence of metal ions, while n1 depicted the 

number of DTPMPA events in the presence of metal ions.  In part c, the colored triangle symbols indicate 

the DTPMPA events in the absence and presence of Zn2+, Ni2+, Co2+, Mn2+, and Cu2+ ions, suggesting that 

Fe3+, Ni2+, Co2+, Mn2+, Cu2+ and Zn2+ could be readily differentiated by our constructed nanopore sensor 

and even achieved simultaneous detection. 

 

2.5. Simulated Water and Human Serum Sample Analysis 
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Three simulated water samples and one mock human serum sample were used to examine the 

efficacy of our nanopore sensor in real-world applications. Briefly, 5 µM ferric ions were spiked 

into tap water from our life science building, lake water from Lake Michigan, Kirkland brand 

bottled spring water and human serum (Sigma-Aldrich), respectively, and then analyzed by our 

constructed nanopore sensor. The experimental results are summarized in Table 1. From the table, 

we could see that the recoveries (ranging from 96 % to 129 %) of Fe3+ from the water and serum 

samples determined by use of the nanopore sensor were satisfactory, indicating that the matrix 

component in the water and serum would not greatly affect ferric ion detection, and our developed 

Fe3+ sensing platform has a potential application in the analysis of real-world samples.  

 

Table 1. Recovery of Fe3+ ions from water and serum samples by use of the nanopore stochastic 

sensing method. Each experimental value represents the mean of three replicate analyses ± one 

standard deviation.  

Sample Type Theoretical Value 

(µM) 

Experimental Value 

(µM) 

Tap water 5.00 5.61  0.08 

Bottle water 5.00 5.11  0.20 

Lake water 5.00 4.78  0.26 

Human serum 5.00 6.44  0.34 

 

3. Conclusion 

In summary, a selective and sensitive stochastic sensor was successfully developed to detect 

Fe3+ ions by combined use of a ligand probe and an engineered nanopore with two binding sites. 

In our nanopore sensor design, the competitive interactions among the metal ions, the chelating 

agent (i.e., DTPMPA) and the lysine residues located near the nanopore constriction provides the 

required molecular recognition, thus playing a major role in the sensor sensitivity and selectivity. 

Although DTPMPA can interact with many metal ions, its larger binding affinity with Fe3+ makes 

the nanopore sensor more selective to the target analyte. Furthermore, the additional histidine 

residues near the cis entrance of the pore not only allow the convenient differentiation between 

Fe3+ and other metal ions such as Cu2+, Ni2+, Co2+, Mn2+, and Zn2+, but also enable potential 

simultaneous multi-metal ion detection. Our developed nanopore sensor may find useful 
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applications in detection of Fe3+ ions in body fluids and natural water for iron-related disease 

prevention & diagnosis as well as environmental monitoring. In addition, the probe-assisted multi-

functionalized nanopore sensing strategy developed in this work should find useful application in 

the development of stochastic sensors for a variety of other substances, especially in situations 

where it is difficult to find highly selective probe molecules for the target analyte or multi-analyte 

simultaneous detection is desired. 
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