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Synergistic effect of nanochannels

In order to explore the synergistic effect of DNA@MOFs-AAO nanochannels, the general ionic 

conductance model was used to calculate the ion current. Due to the voltage drive, the ions in the solution 

pass through the nanochannels and form an open-circuit current signal when a voltage is applied to both 

ends of the nanochannels filled with the electrolyte solution. Based on the universal ionic conductance 

model of cylindrical nanochannels, the ionic current I of the nanochannels can finally be derived into the 

following equation:

                        (1)
𝐼 = 𝑉([𝑛 + 𝜇 + + 𝑛 ‒ 𝜇 ‒ ]𝑒)( 4ℎ

𝜋𝐷2
+

1
𝐷) ‒ 1 +

𝑉𝜇⨁𝜋𝐷𝜎

ℎ

V is the applied voltage; D is the diameter of the cylindrical nanochannels, which regarded as an 

effective diameter; h is the length of the nanochannels, n+ and n- represent the density of positive and 

negative ions, respectively; µ+ and µ- represent the electrophoretic mobility of positive and negative ions, 

respectively; e is the elementary charge. The last term of the equation (1) (Vμ⨁ΠDσ/h) represents the 

transport of ions through the surface with a highly charged pore; μ⨁ represents the solution mobility of 

counterions adsorbed on the charged pore, with a surface charge density of σ (as opposed to the sign of the 

counter ion charge). Because the h of the membrane involved in this experiment is much larger than D. 

Therefore, the term 1/D of the access resistance in equation (1) can be ignored. In addition, the electrolytes 

used in this experiment were 0.1 M KCl. The first term in equation (1) ([n+μ+ + n-μ-]) can also be ignored. 

Therefore, equation (1) can be expressed as:

                                          (2)
𝐼 = 𝑉(

4ℎ

𝜋𝐷2
) ‒ 1 +

𝑉𝜇⨁𝜋𝐷𝜎

ℎ

When the concentration of electrolyte is greater than 0.1 M, the transport of ions in the nanochannels 

is mainly determined by the diffusion and migration kinetics of ions. In this case, the charge properties of 

the nanochannels wall do not have significant effect on the transport of ions. In this experiment, the 

concentration of electrolyte is 0.1 M KCl, so the last term in equation (2) (Vμ⨁ΠDσ/h) can be ignored. The 

ionic current of the nanochannels can be further simplified to:

                                                   (3)
𝐼 = 𝑉(

4ℎ

𝜋𝐷2
) ‒ 1

Through equation (3), the ionic current of the nanochannels was mainly determined by its effective 

diameter (D) in this experiment. Taking into account this understanding, the changes of ionic current and 

effective diameter were studied carefully in the content.
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As shown in Fig. 8A, the AAO which activates the hydroxyl group and connects the aldehyde group, 

the nanochannels after the modified probes were blocked by the stretched probes (closed state), with 

effective diameters of d and d’ for DNA@AAO and DNA@MOFs-AAO, respectively. When the 

nanochannels sensing and selectively binding MC-LR, the probes folded. The effective diameter of the 

nanochannels increased as a result. Here, we assumed that the increase of the effective diameter of the 

probes binding targets were the same as Δd for the two kinds of nanochannels of DNA@AAO and 

DNA@MOFs-AAO. Therefore, the nanochannels were in an open state after binding with MC-LR, and the 

effective diameters of DNA@AAO and DNA@MOF were d+Δd and d’+Δd, respectively. In this 

experiment, the increase of ionic current was defined as RI for DNA@AAO and RI' for DNA@MOFs-

AAO:

                                                      (4)
𝑅𝐼 =

𝐼2 ‒ 𝐼1

𝐼1

                                                    (5)
𝑅𝐼

' =
𝐼2

' ‒ 𝐼1
'

𝐼1
'

II and I2 represent the ionic current of nanochannels with DNA@AAO before and after binding the 

MC-LR, respectively. I1’ and I2’ represent the ionic current of nanochannels with DNA@MOFs-AAO 

before and after binding the MC-LR, respectively. According to equation (3), II is (Vd2/4h) and I2 is 

(V(d+Δd)2/4h); I1’ is (Vd'2/4h) and I2’ is (V(d'+Δd)2/4h). So, equation (4) and equation (5) can be written 

as:

                                     (6)
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𝑉𝜋(𝑑 + ∆𝑑)2

4ℎ
‒
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                                   (7)
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To compare the ionic current increasement of nanochannels with DNA@AAO and DNA@MOFs-

AAO before and after binding the MC-LR, the difference between and  was calculated:𝑅𝐼
' 𝑅𝐼

              (8)
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Finally, the simplified formula is shown above.
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Figure S1. Surface morphology of DNA@AAO characterized by AFM. (a) 2D AFM image. (b) 3D AFM image.
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Table S1. The performance of different analysis methods for MC-LR detection in recency years. 

Sensor 
Platform

Linear 
range 

(ng/mL)

LOD
(ng/mL)

Recovery
(%) Samples Year Refs

3D graphene 
based 

electrode
0.05-20 0.05 92.7 water 2017 [1]

AgNP-Nafio
n-xGnP 0.5-5000 0.017 105.8 seawater 2017 [2]

PPBI 0.1-100 0.012 95.2-110 water 2018 [3]

GNS@SiO2 0.01-100 0.014 100-107 lake water 2019 [4]

AuNPs@M
OF

0.05-
75000 0.02 102.4 water 2019 [5]

MGNnP-
PEI 0.1-500 0.053 98.2-101.7

fresh 
water 

lagoon
2020 [6]

TAM-C5 Q-
body - 0.45 94.8−120.

0 river water 2021 [7]

DNA@MOF
-AAO 0.1-1000 0.004 93.9-106.7

lake 
water/tap 

water
2022 This 

study
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