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a b s t r a c t

Excessive Fe3+ ion concentrations in wastewater pose a long-standing threat to human health. Achiev-

ing low-cost, high-efficiency quantification of Fe3+ ion concentration in unknown solutions can guide

environmental management decisions and optimize water treatment processes. In this study, by lever-

aging the rapid, real-time detection capabilities of nanopores and the specific chemical binding affinity

of tannic acid to Fe3+, a linear relationship between the ion current and Fe3+ ion concentration was es-

tablished. Utilizing this linear relationship, quantification of Fe3+ ion concentration in unknown solutions

was achieved. Furthermore, ethylenediaminetetraacetic acid disodium salt was employed to displace Fe3+

from the nanopores, allowing them to be restored to their initial conditions and reused for Fe3+ ion quan-

tification. The reusable bioinspired nanopores remain functional over 330 days of storage. This recycling

capability and the long-term stability of the nanopores contribute to a significant reduction in costs. This

study provides a strategy for the quantification of unknown Fe3+ concentration using nanopores, with

potential applications in environmental assessment, health monitoring, and so forth.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As the chemical industry flourishes, improper management of

agricultural pollution, industrial wastewater, and urban sewage

has significantly contaminated water resources with various metal

ions. This contamination adversely affects biological systems and

the ecological environment [1,2]. Among these metal ions, Fe3+ is

one of the most crucial and prevalent metal ions in the ecosystem.

Chronic exposure to excessive Fe3+ in water can result in increased

iron load, posing a risk to human health [3-5]. Consequently, the

detection and quantitative analysis of Fe3+ in the environment and

organisms, supported by accurate data, can provide guidance for

environmental assessment, food safety, health monitoring, clinical

drug testing, and water treatment processes [6-10]. Hence, quan-

tification of Fe3+ ion concentration in water environments is espe-

cially crucial.

Currently, several different strategies can be employed for the

quantification of Fe3+ content in environmental water or within

organisms. One of these strategies utilizes fluorescence or spec-

troscopic probes [11-21]. Through chelation or redox reactions be-
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tween the molecules modified on fluorescence or spectroscopic

probes and the Fe3+ ions, the fluorescence or the specific spec-

tral intensity of the modified molecules changes, thereby achiev-

ing the quantification of Fe3+. Alternatively, portable fluorescent

paper can be used to detect Fe3+ by visually observing the color

change on the fluorescent paper [22,23]. Electrochemical methods

can be employed for Fe3+ detection by testing the redox reactions

between nanocluster particles and Fe3+ [24,25]. Additionally, dif-

ferential pulse voltammetry (DPV) can be used for the quantifi-

cation of Fe3+ by measuring the changes in properties such as

the surface double layer. Fe3+ concentrations can also be calcu-

lated by measuring absorbance changes and normalizing the re-

sults using spectrophotometric methods [26]. Furthermore, induc-

tively coupled plasma mass spectrometry (ICP-MS) or inductively

coupled plasma optical emission spectrometry (ICP-OES) can be

employed for the quantification of Fe3+ through imaging and quan-

titative analysis [27,28]. However, in practical applications, these

methods require the use of relatively expensive instruments such

as fluorescence spectrometers, ICP-MS, or ICP-OES. Moreover, test-

ing devices such as fluorescent test papers are often disposable.

These approaches not only incur higher operational costs but also

involve complex procedural and data analysis steps [29]. These fac-
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tors limit the development of these methods for practical applica-

tions to some extent. Therefore, it is essential to develop a cost-

effective, long-term functional, and rapid method for the quantifi-

cation of Fe3+.
The detection and sensing of substances using bioinspired

nanopores has been rapidly advancing [30-32]. Combining bioin-

spired nanopore ion sensing with electrochemical techniques in-

volves designing modified molecules and their interface roles on

the inner surface of bioinspired nanopores [33-36]. The modified

molecules can alter the charge on the inner surface of the bioin-

spired nanopores and interact with the detected ions through coor-

dination or chelation. This alters the electrostatic, hydrogen bond-

ing, and other interactions between the bioinspired nanopore sur-

face and the detected ions, leading to changes in ion conductiv-

ity within the nanopores, which allow for the detection of spe-

cific ions. These current changes can be precisely measured us-

ing electrochemical methods, and the subsequent data analysis is

not complex [37-39]. Previous attempts have demonstrated that

tailoring the types of modified molecules on the inner surface of

nanopores allows for regulating the interactions with Fe3+, thereby
influencing the ion current in the nanopores [39-44]. However,

although these efforts enable detection of the presence of Fe3+

through nanopores, quantification of Fe3+ ion concentration using

nanopores remains challenging.

Tannic acid (TA), a mixture of polygalloyl glucose molecules

with different degrees of esterification, possesses polyphenol func-

tional groups that can specifically interact with Fe3+ ions [45-

47], as shown in Fig. S1 (Supporting information). Here, TA is

adopted to build the TA-modified nanopores. The polyphenol struc-

tural fragments within TA molecules show differential binding

affinities for various metal ions, and under specific pH condi-

tions, they exhibit significantly stronger chemical coordination

with Fe3+ ions. This strong affinity alters the surface charge of

the nanopores, affects the thickness of the electric double layer

within the nanopores, and significantly changes the ion current

through nanopores. Meanwhile, we found that the equilibrium ion

current (Ieq) in nanopores is linearly related to the concentra-

tions of Fe3+ (cFe3+ ) in the tested solutions. Thus, by measuring

the ion current of a Fe3+-containing solution passing through the

TA-modified nanopores and correlating it to the linear relation-

ship between Ieq and cFe3+ , quantification of Fe3+ ion concentra-

tion in the solution can be achieved. After detection, the introduc-

tion of ethylenediaminetetraacetic acid disodium salt (EDTA-2Na),

which has a higher binding affinity with Fe3+, can displace the

Fe3+ bound to TA within the nanopores. This restoration allows for

the repeated use of the nanopores for quantification of unknown

Fe3+ ion concentrations, thereby reducing testing costs. This work

not only enables rapid and efficient detection of target analytes,

but also provides ease of operation, low cost, significant economic

and practical value for the quantification of Fe3+, demonstrating

promising applications in fields such as environmental assessment,

health monitoring, and beyond.

In this work, a single glass nanopore was first prepared us-

ing the bench-top method [39,48], and then functionalized with

TA molecules. As depicted in Fig. S2 (Supporting information),

(3-aminopropyl)triethoxysilane (APTES), which terminates with an

amino group, was first modified on the nanopore. Subsequently,

TA modified the reusable bioinspired nanopores through electro-

static interactions and hydrogen bonding between the trihydroxy

phenolic groups of TA and the amino groups of APTES. To compare

the changes in the properties of the glass surface before and af-

ter modification, atomic force microscopy (AFM) and contact angle

characterization were performed on glass slides that underwent

the same modification process. The bare glass surface is relatively

smooth; however, after modification with APTES and TA molecules,

the roughness of the glass surface increases (Fig. S2). The modi-

Fig. 1. Quantification of Fe3+ ions by reusable bioinspired nanopores. (a) The

schematic of the testing set and specific binding affinity of TA molecular fragments

with Fe3+ . (b) Quantification of Fe3+ ion concentration in an unknown solution. The

concentrations of Fe3+ in the solution can be quickly obtained through I-t testing

by correlating the equilibrium ion current (Ieq) from solutions to their respective

Fe3+ ion concentrations (cFe3+ ) based on the Ieq-cFe3+ linear relationship. (c) Reusable

TA-modified nanopores showing reversible interactions between EDTA-Fe3+ and TA-

Fe3+ .

fied molecules adhere to the glass surface and remain stable even

after washing with deionized water, indicating that the modified

molecules have excellent stability. As shown in Fig. S3 (Support-

ing information), the bare glass slide has a contact angle of 27.6°,
which increases to 79.0° after APTES modification and decreases to

42.2° following TA modification. These changes in contact angles

confirm the success of the modification. Fig. 1a shows a schematic

diagram of the testing set of the bioinspired nanopores. The Fe3+

ion current passing through the nanopore is tested. Compared to

other metal ions, the interaction distance between TA fragments

and Fe3+ is shorter, and the interaction force is stronger, laying the

foundation for the quantification of Fe3+. Meanwhile, I-t tests were

conducted on solutions with varying concentrations of Fe3+ using

TA-modified glass nanopores. By continuously applying voltage, it

was found that the ion current in the nanopores gradually reached

an equilibrium ion current (Ieq) corresponding to different Fe3+ ion

concentrations. Additionally, the magnitude of this Ieq value is lin-

early related to cFe3+ in the solution. Based on this linear relation-

ship, the quantification of Fe3+ ions can be determined only by

conducting an I-t test. For instance, as depicted in Fig. 1b, when

the equilibrium ion current is Ieq1 in the I-t test, the corresponding

Fe3+ ion concentration c1 can be deduced from the Ieq-cFe3+ linear

relationship. Similarly, when the equilibrium ion current is Ieq2, the

corresponding Fe3+ ion concentration in the solution is identified

as c2. Furthermore, the nanopores can be restored to their initial

condition by being cleaned with EDTA-2Na after binding with Fe3+

ions for multiple times (Fig. 1c), demonstrating the reusability for

Fe3+ ion quantification.

I-V tests were conducted on 1.0mmol/L KCl solutions mixed

with various metal ions, including 0.1mmol/L solutions of LiCl,

NaCl, MgCl2, CuCl2, AlCl3, and FeCl3, under different pH conditions.

The surface charge of TA-modified nanopores varies under differ-
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Fig. 2. Specific interaction between Fe3+ and TA-modified nanopores. (a) I-V curves (from −1V to +1V) of TA-modified nanopores in various ion solutions (pH 5–6), with

a 1.0mmol/L KCl base solution and 0.1mmol/L other solutions of different metal ions. (b) At +1V, the current ratio of solutions with added metal ions to the base KCl

solution. Inset: electrostatic potential mapped van der Waals surface (ρ = 0.001 a.u. isosurface) of TA-K+ and TA-Fe3+ complexes. (c) The absolute values of the binding

energies (|Ebind|) and mutual penetration distance (l) between TA and various ions at optimized structures. (d) Electron density difference (EDD) map caused by interactions

between TA fragment and ions.

ent pH conditions, as shown in Fig. S4 (Supporting information),

affecting the I-V curves for each solution. When the pH is 4, TA-

modified nanopores are positively charged, resulting in a weaker

binding ability with metal ions. The current of the solution con-

taining Fe3+ is higher than that of solutions mixed with other ions

(Fig. S5a in Supporting information). When the pH range is 9–10,

the surface charge of TA-modified nanopores shifts from positive

to negative, reversing the ion rectification phenomenon. Under this

condition, it is difficult to distinguish between solutions containing

Fe3+ and those containing other ions based on the magnitude of

the ion current (Fig. S5b in Supporting information).

When the pH is 5–6, the I-V curve changes for different solu-

tions of metal ions are generally not significant, except for the Fe3+

ion solution. In the presence of Fe3+, the I-V curve of the KCl so-

lution exhibits a noticeable difference in current values as shown

in Fig. 2a. This significant difference, demonstrating the specificity

between TA and Fe3+, provides a foundation for the quantification

of Fe3+. Further comparisons were made of the current magnitude

of KCl solutions containing various metal ions at a voltage of +1V.

As shown in Fig. 2b, the ratio of the current value of KCl solu-

tions containing different metal ions (IK++metal ion) to the current

value of the solution containing only KCl (IK+ ) at +1V is displayed.

One can see that the ratio for the solution containing Fe3+ to the

KCl solution is about 3, whereas the ratios for other metal ions are

close to 1. Therefore, at a pH of 5–6, the specificity between TA and

Fe3+ is the most pronounced, enabling the recognition of Fe3+.
To delve into the interactions between TA molecules and dif-

ferent ions, calculations based on density functional theory (DFT)

were carried out. The primary TA molecular fragment involved in

these interactions between TA and ions is the polyphenol, which

tends to deprotonate two phenolic hydroxyl groups at a pH of ap-

proximately 4–5, resulting in two negative charges on the TA frag-

ment [45]. Therefore, we selected polyphenol structural fragments

carrying two negative charges to construct TA-ion complex mod-

els and calculate their interactions with various ions, including Li+,
Na+, K+, Mg2+, Cu2+, Al3+, and Fe3+. To find the most stable struc-

tures of the TA-ion complexes, 50 original conformations of TA-

ion adsorption clusters for each ion were generated using Molclus

[49]. Then all the original TA-ion complexes were optimized using

the PBE0 method [50] in conjunction with the def1TZVP basis set

[51,52]. The TA-ion complex structures with the lowest energies for

each kind of ion were selected as the optimized structures.

The binding energy (Ebind) represents the change in electronic

energy during the formation of TA fragment-ion complexes from

separated TA fragment and ions. The Ebind was calculated at the

B3LYP/def2TZVP [53,54] level with Grimme’s D3BJ dispersion [55]

depending on the following equation (Eq. 1):

Ebind = ETA−ion − (ETA + Eion) (1)

The electrostatic potential (ESP) plays a crucial role in deter-

mining weak interactions. Typically, the isosurface of the electron

density, ρ = 0.001 a.u., is employed to define the molecular van

der Waals (vdW) surface [56]. The ESP on the vdW surface is of-

ten investigated because it significantly influences intermolecular

electrostatic interactions.

To compare the interactions between different ions and TA frag-

ments, the ESP-colored vdW surface maps of TA-K+ and TA-Fe3+

complexes are shown in the inset of Fig. 2b. The ESP-mapped vdW

surfaces of the TA fragments are depicted in blue, while those of

the metal ions are depicted in red. From these depictions, it can be

inferred that in the TA-ion complexes, the TA structural fragments

exhibit negative ESP, while the positively charged ions display pos-

itive ESP. This difference in surface ESP facilitates the positive and

negative electrostatic interactions between the TA fragments and

metal ions. To further quantitatively represent the strength of these

electrostatic interactions, Fig. 2c displays the absolute values of the
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binding energies (|Ebind|) between TA and various ions. In fact, all

ions exhibit negative binding energies with TA fragments, indicat-

ing that the interactions are of an affinitive nature. The greater

the magnitude of Ebind, the stronger the interaction between the

ion and the TA fragment. Among all considered ions, Fe3+ exhibits

the largest binding energy, inferring the strongest binding affinity

among different ions.

The mutual penetration distance (l) between the molecular sur-

faces of TA fragments and ions was also calculated. As illustrated

in the inset of Fig. 2c, l is defined as the distance at which the

surfaces of the two fragments overlap. This distance l can quan-

titatively measure the strength of electrostatic interactions. It can

be observed that as the positive charge of the ions increases, the

overall l between TA and ion surfaces tends to increase, with Fe3+

exhibiting a significantly greater l than all other ions. By combin-

ing the binding energy Ebind and the penetration distance l, it can

be concluded that the interaction between TA molecules and Fe3+

differs significantly from those with other ions, which is the root

cause of Fe3+ exhibiting specificity in this context.

To further demonstrate the polarization effect of metal ions

on the electron distribution in TA molecules, variations in elec-

tron distribution during the binding processes are depicted with

2D electron density difference (EDD) maps in Fig. 2d. The EDD, de-

fined as �ρ = ρTA − ion – (ρTA + ρion), can vividly display the elec-

tron transfer and polarization caused by the interactions between

TA fragments and ions. Regions where electron density ρ decreases

are depicted in blue, while regions where electron density ρ in-

creases are depicted in red. A comparison of the EDD maps for TA-

K+ and TA-Fe3+ reveals that the electron density around Fe3+ sig-

nificantly increases upon interaction with TA fragment molecules,

indicating that many electrons from the TA fragment molecules are

attracted and polarized towards Fe3+. In contrast, the polarization

effect of K+ on the electron density of TA fragment molecules is

less pronounced. This strong electron polarization effect indirectly

reflects the strong interaction between Fe3+ and TA molecules. The

ESP and electron density were obtained and visualized using Multi-

wfn 3.8 (dev) [57]. The final complex molecular structures and cal-

culated results were rendered by the VMD visualization program

[58].

To further demonstrate that the significant increase in ion cur-

rent in the Fe3+-containing KCl solution is attributable to the spe-

cific binding of TA-modified with Fe3+, the ion current of solu-

tions mixed with different ions in bare glass nanopores were also

tested (Fig. S6 in Supporting information). Due to the presence

of silanol groups on the surface of bare glass slides, the surface

charge varies under different pH conditions (Fig. S6a). When us-

ing bare glass nanopores without modification, as shown in Figs.

S6b and c, the nanopores exhibit variations in current for Fe3+

at pH 4 and 5. However, compared to TA-modified nanopores,

the differences caused by Fe3+ are significantly reduced. At pH

10, bare glass nanopores also exhibit a reversal of ion selectiv-

ity (Fig. S6d). However, the ion current of the solution containing

Fe3+ is similar to that of other solutions and cannot be distinctly

differentiated. A comparison was also made between TA-modified

nanopores and bare glass nanopores before and after rinsing with

a Fe3+-containing solution. Testing was conducted using the base

KCl solution. The TA-modified nanopores showed significant differ-

ences before and after rinsing with the Fe3+-containing solution,

indicating that TA binding with Fe3+ alters the surface charge den-

sity (Fig. S7a in Supporting information). For bare glass nanopores,

as shown in Fig. S7b (Supporting information), the tests with the

KCl solution both before and after rinsing with the Fe3+-containing
solution showed almost overlapping curves, indicating that bare

nanopores do not bind with Fe3+. This demonstrates the speci-

ficity between TA and Fe3+ and directly confirms that the signif-

Fig. 3. Comparison of ion currents of KCl solutions containing different concentra-

tions of Fe3+ . (a) I-V curves for Fe3+-containing solutions with Fe3+ concentrations

of 0, 10, 20, 50, 100, and 200μmol/L. (b) At a voltage of +1V, the ratio of the cur-

rent values for solutions with different Fe3+ concentrations (Ici ) to those without

Fe3+ (Ic0 ) demonstrates a linear relationship with Fe3+ concentration (cFe3+ ).

icant changes in the I-V curves are attributable to the effect of the

modified TA molecules.

It is worth noting that when testing unknown solutions, select-

ing a base solution and diluting unknown solutions strategically

helps minimize interference from other ions, thereby enhancing

the accuracy of the detection results. If the current of the base

solution is too high, it may obscure the current changes of the

Fe3+ ion-containing solution, thereby affecting the accuracy of the

detection. Conversely, if the concentration of the base solution is

too low, the current will be very small and susceptible to exter-

nal interference, leading to an increase in the relative value of cur-

rent fluctuations and consequently, the potential for increased er-

ror. Through theoretical calculations and experimental validation,

it was determined that the solution of monovalent ions, which

weakly bind with tannic acid, can meet the detection require-

ments. Therefore, this study selected KCl solution as the base solu-

tion.

Based on the above analysis, a pH range of 5–6 and a KCl base

solution were selected because the specificity for Fe3+ is most pro-

nounced under these conditions. I-V tests were conducted on so-

lutions containing different concentrations of Fe3+. As shown in

Fig. 3a, using a 1mmol/L KCl solution as the base solution, the cur-

rent gradually increased at +1V as the cFe3+ increased. Fig. 3b il-

lustrates the ratio of the current value of KCl solutions containing

Fe3+ (Ici ) to the current value of the base KCl solution without Fe3+

(Ic0 ) at +1V. The fitting of the current ratio with different cFe3+
demonstrates a linear relationship: Ratio = 0.0315cFe3+ + 1.03, and

R2 = 0.9917. Therefore, based on the linear relationship between

cFe3+ and the current ratio, I-V tests can be used to achieve quan-

tification of cFe3+ . The chosen concentration range for this detec-

tion method is set from 10μmol/L to 200μmol/L. To further assess

the adaptability of this method to other base solutions, variations

in the concentration of the KCl solution and other monovalent ion

solutions were selected as base solutions. As illustrated in Figs. S8

and S9 (Supporting information), 0.5mmol/L KCl and 1.0mmol/L

NaCl were chosen as base solutions for testing. Both of these re-

sults demonstrated a very good linear relationship, confirming that

the method can potentially be expanded to include a broader range

of monovalent metal ion solutions.

Fig. 4a shows the change in ion current over time for solu-

tions with different concentrations of Fe3+. As depicted in the in-

set of Fig. 4a, the current of the solution gradually approaches an

equilibrium current (Ieq) over time. By analyzing the Ieq of solu-

tions with different concentrations, it can be observed that the

Ieq value increases as the cFe3+ increases. A linear fit between Ieq
and cFe3+ was performed, as shown in Fig. 4b. The fitted curve is

Ieq = 0.1334cFe3+ + 3.97, with R2 = 0.9949. Therefore, by perform-

ing an I-t test on an unknown solution and then using the fitted

curve of Ieq versus cFe3+ , the Fe3+ ion concentration of the un-
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Fig. 4. Quantification of Fe3+ ion concentration using TA-modified reusable bioinspired nanopores. (a) The current measured for different concentrations of Fe3+ in TA-

modified nanopores at a constant voltage (+1.0V) over 60 s, shown in the inset. Between 30 s and 60 s, the ion current stabilizes, reaching an equilibrium current (Ieq). (b)

Linear fit of the relationship between equilibrium current (Ieq) and Fe3+ ion concentration (cFe3+ ).

Fig. 5. Cycle and long-term functional stability of TA-modified nanopores. (a) Comparison of the binding energies between EDTA-Fe3+ and TA-Fe3+ complexes. (b) Cycle

testing of TA-modified nanopores at +1V and pH 5, in solutions with an Fe3+ ion concentration of 0.1mmol/L or with EDTA-2Na. (c) Comparison of I-V curves tested on the

first day and after 330 days using the same nanopore.

known solution can be obtained. This I-t testing method proves to

be more practical and convenient in real-world applications com-

pared to the previously described I-V testing approach.

To validate the cycle stability of nanopores for the quantifica-

tion of unknown Fe3+ ion concentration, EDTA-2Na was used to

clean the nanopores after testing. Owing to the stronger bind-

ing affinity of EDTA-2Na with Fe3+, it can displace Fe3+ from

the nanopores where it is bound to TA. To compare the bind-

ing energies of EDTA-2Na and TA with Fe3+, DFT analyses were

also conducted. Similar to the method used to calculate the

Ebind between TA and Fe3+, the interaction between Fe3+ and

EDTA molecules was also calculated at the B3LYP/def2TZVP level

(Fig. 5a). One can see that the Ebind between EDTA and Fe3+

(−1240.69 kcal/mol) is significantly higher than that between TA

and Fe3+ (−1208.89 kcal/mol). Therefore, upon the introduction of

EDTA molecules into the nanopores, Fe3+ preferentially binds to

EDTA, thereby displacing Fe3+ from the TA-modified nanopores

and restoring the nanopores to their initial condition.

The binding of Fe3+ to TA alters the channel ion current sig-

nal, enabling quantification of Fe3+. Additionally, the ability of

EDTA-2Na to restore the channel to its initial condition facilitates

its reusability and test stability (Fig. 5b). This suggests that the

nanopore system employed in this study can be repeatedly uti-

lized for the quantification of Fe3+ ion concentration, further re-

ducing the cost. The I-V curves in the cycle tests are shown in

Fig. S10 (Supporting information). The significant differences in the

curves before and after the presence and removal of Fe3+ also

demonstrate the accuracy and reusability of the Fe3+ quantifica-

tion system. Additionally, comparing the test results from the same

glass nanopore on the first day and after 330 days of storage,

no significant changes in ion current were observed, as shown

in Fig. 5c. This indicates that the quantification function of the

nanopores possesses long-term reliability and stability. Therefore,

using nanopores can not only perform quantification of different

cFe3+ in solutions for multiple times but also ensure high stabil-

ity over extended periods. Thus, the TA-modified glass nanopore

offers stability, convenience, and cost-effectiveness in a system for

quantification of Fe3+ in solutions.

In summary, we developed a reusable TA-modified nanopore

system that specifically recognizes Fe3+ ions and can be used for

the quantification of Fe3+ concentration, addressing some chal-

lenges in Fe3+ analysis, such as universality, portability, and af-

fordability, thereby eliminating the dependency on expensive in-

struments. TA-modified nanopores utilize the specific interaction

between TA molecules and Fe3+. A linear relationship between

Fe3+ ion concentration and detection current is established, mak-

ing this method suitable for quantification of Fe3+ ion concen-

trations in unknown solutions. Furthermore, the nanopore device

demonstrates exceptional stability, maintaining its functionality af-

ter 330 days of storage, which supports the sustainability and sig-
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nificantly reduces the operational costs by reusing the nanopores.

Therefore, this method for the quantification of Fe3+ not only of-

fers benefits such as low cost, fast response, and high stability but

also paves the way for advanced quantification applications, in-

cluding environmental monitoring and real-time detection.
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