i cal.

Subscriber access provided by Bethel University
Article

In Situ Growth of Ultrasmall Nanochannels in Porous Anodized
Aluminum Membrane and Applied in Detection of Lead lon
Rijian Mo, Lei He, Chunxia Zhou, Zhong-Ji Qian, Pengzhi
Hong, Shengli Sun, Zhe Wang, Yi Wang, and Chengyong Li
Anal. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.analchem.9b00638 « Publication Date (Web): 29 May 2019
Downloaded from http://pubs.acs.org on May 30, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 0of 9

oNOYTULT D WN =

Analytical Chemistry

In Situ Growth of Ultrasmall Nanochannels in Porous Anodized
Aluminum Membrane and Applied in Detection of Lead Ion

Rijian Mo*!, Lei Het!, Chunxia Zhou', Zhong-Ji Qian!, Pengzhi Hong', Shengli Sun!, Zhe Wang?, Yi
Wang?3, Chengyong Li!*
IShenzhen Institute of Guangdong Ocean University, Shenzhen 518108, China; School of Chemistry and Environment,

Guangdong Ocean University, Zhanjiang, 524088, China; College of Food Science and Technology, Guangdong Ocean Uni-
versity, Zhanjiang 524088, China

2Food Science and Processing Research Center, Shenzhen University, Shenzhen 518055, China

3Department of Applied Biology and Chemical Technology, The Hong Kong Poly-technic University, Hong Hum, Kowloon,
Hong Kong Special Administrative Region

ABSTRACT: The transport of ions in nanochannels has received considerable interests owing to the unique transport properties
and potential applications. In this study, ultrasmall nanochannels (0.8-1.2 nm) were fabricated in porous anodized aluminum (PAA)
membrane in situ growth. 2-methylimidazole and zinc nitrate were used as the reaction precursor solution, and then zeolitic
imidazolate framework (ZIF-8) nanoparticles were sufficiently filled in PAA nanochannels to form ZIF-8/PAA nanochannels
composite membrane. Since ZIF-8 is a microporous material and has a strong ability to adsorb heavy metals, the composite
membrane was used as a biosensor to detect lead ion (Pb%*) by the coordination interaction between Pb?" and nitrogen atoms. The
detection limit is reaching to 0.03 nM due to the enrichment of nanochannels under electric field. The sensor has a good linear

range for Pb?* from 10 nM to 10 uM.

The transport of ions in nanochannels has been attracted
great interest owing to the novel phenomena which cannot be
observed in the bulk. Ton concentration variations caused by
electric double layer (EDL) overlapping in channels with a
size of 10-100 nm have been widely research. Therefore, there
are many discoveries, including local ion
depletion/enrichment,> 2 ion/molecules active gating,>10
rectified ion transport,'’'* and energy conversion from
streaming current.'> 16 Electrostatic interactions between ionic
species and the surface charge of the channel play important
roles because EDL occupies a non-negligible fraction of
nanochannels. As nanochannels size approaching to ion-
channels in cell membranes (<2 nm), except for electrostatic
interactions, steric forces (such as hydration forces in water)
and van der Waals forces can become very important at this
scale.!” In this scale system, these multiple interactions bring
about many interesting phenomena, which can be applied in
many subjects, such as biology, energy and environment. For
instance, it can be found that the rate of liquid flow through
carbon nanotubes (diameter 0.81-1.59 nm) is increased by 4 to
5 orders of magnitude compared to the prediction of
conventional fluid flow theory.'® Due to coupling between
pore blocking and a proton-diffusion limitation at the pore
mouth, coherence resonance was observed as ions passing
through a single-walled carbon nanotube (average diameter
1.5 nm) under electric field.!® Since the hydrogen bonding
network of the two hydration layers on the hydrophilic surface
is heavily overlapped, ions transport in 2 nm of deep
nanochannels is dominated by surface charge and proton
mobility increases by four times greater than the bulk value at
electrolytes with low concentration.'” The development of

various separation techniques, molecular delivery devices,
sensing systems and high efficiency electrochemical energy
conversion systems has benefited from a Dbetter
comprehending of the transmission phenomena in confined
nanospaces.

To date, many methods have been used to prepare ultrasmall
nanochannels membrane. For example, Hulteen et al. used the
method of electroless deposition gold to prepare nanochannels
membrane with the pore size about 2 nm. Au was deposited in
the track etched polymer membrane to reduce the size of the
channel.?° Holt et al. fabricated sub-2 nm carbon nanotubes by
low pressure chemical vapor deposit (LPCVD).2! Velleman et
al. deposited SiO, in porous anodized aluminum (PAA)
membrane by atomic layer deposition (ALD) to prepare PAA
nanochannels membrane with a pore size of about 2 nm.?? This
method can synthesize small pore size nanochannels, but it
requires a deposition temperature under excess of 200 °C.
Savariar et al. employed a polymer self-assembly method to
shrink the track-etched membrane pores, and the final pore
size was estimated to be about 6-9 nm.? Asatekin et al.
prepared nanochannels membrane with a pore size of less than
5 nm by chemical vapor deposition (CVD).?* Teng et al. used
the Stober-Solution growth approach to prepare uniform
mesoporous  silica nanochannels membrane, but the
preparation process used more reagents and the operation
process was relatively complicated.?’ Therefore, the synthesis
of ultrasmall nanochannels membrane remains challenging.

Zeolitic imidazole framework (ZIF-8) is a novel
nanomaterial formed by self-assembly with zinc ions as a
coordination center and 2-methylimidazole as an organic
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ligand, with uniform micropores and high surface area.?¢-?® In
recent years, it has been widely used for gas storage and
separation,?” 30 catalysis,®! chemical sensors’> 33 and drug
delivery** due to its good stability, high porosity, adjustable
pore size and particle size as well as abundant active surface
sites. In this study, ultrasmall nanochannels were synthesized
in PAA membrane in situ growth. The preparation process is
simple, the cost is low, and the prepared membrane pore size
is uniform. As shown in Scheme 1, anodization method was
employed to prepare the PAA membrane at first. Then, the
ZIF-8 nanoparticles are filled in the PAA membrane to
fabricate an ultrasmall nanochannel composite membrane in
situ growth using 2-methylimidazole and zinc nitrate as a
reaction precursor solution. The prepared membrane was used
as a biosensor for detecting Pb?" at a potential of 0.01 V.
Firstly, ZIF-8 is a typical representative of the ZIFs series of
metal organic framework materials. It is a microporous
material with a topological structure composed of metal ions
Zn?* and imidazolyl ligands. It has unique properties of high
specific surface area, stable hydrothermal, and tunable pore
structure compared to traditional inorganic materials.
Secondly, ZIF-8 can grow freely in the nanochannels and fill
the nanochannels without being limited by the pore size of the
channel. Thirdly, -OH and N-! of ZIF-8 material can provide
the alkaline position; Zn?*" and N-H of ZIF-8 material can
provide acidic position. Therefore, ZIF-8 has a strong
adsorption force for some substances such as heavy metal ions,
volatile organic compounds, and dyes. In addition, due to the
electrical enrichment of nanochannels, a low detection limit
can be obtained.

Two-step anodization ‘
— | |

Aluminum foil

| | PAA membrane

é 2-methylimidazole

® Zn(NOy, ®
\'> ZIF-8

Scheme 1. Preparation of ZIF-8/PAA nanochannels composite
membrane in situ growth and the biosensor prepared by the
composite membrane was used to detect Pb?*.

EXPERIMENTAL SECTION

Materials. Aluminum foil with a thickness of 0.1 mm and a
purity of 99.999% was from Chinalco Aluminum Foil Co., Ltd.
(Chengdu, China). Zinc nitrate hexahydrate (Zn(NOs),6H,0,
99.0%), 2-methylimidazole (mIm, 99.0%) was supplied from
Adamas Reagent Co., Ltd. (Shanghai, China). Analytical-
reagent grade of NaOH, methanol, acetone, H;PO,4, H,CrOy,,
HCl, SnCl, and other chemicals were obtained from
Guangzhou Zuo Ke Technology Co., Ltd. (Guangzhou, China).
All of the solutions were prepared with ultrapure water (Milli-
Q, Merck, Darmstadt, Germany).

PAA membrane fabrication. Two-step anodization
method was employed to fabricate PAA membrane.’>8 First,

a scissors was applied to cut the aluminum foil into the desired
shape, and then ultrasonically washed with NaOH, ultrapure
water, and absolute ethanol for 5 min. The first anodization
was carried out in a phosphoric acid solution (0.4 M) as an
electrolyte at 100 V for 120 min. To get rid of the formed
aluminum oxide layer, the mixed acid consist of 6 wt% H;PO,
and 1.8 wt% H,CrO,4 was adopted to treat the first anodization
aluminum foil at 60 °C for 40 min. 8 h was used as the
anodization time for the second anodization, and the other
conditions were similar to the first anodization. After the
second anodization, a compounded solution (3 volumes of
SnCl, and 1 volume of HCl) was used to eliminate the
remaining aluminum. To remove the barrier layer, PAA
membrane was treated with 5 wt% H;PO, solution for 40 min.
Finally, the PAA membrane was soaked in water overnight
and dried.

Z1F-8 and ZIF-8/PAA membrane preparation. The route
reported previously with some modifications was utilized to
synthesize ZIF-8.3°-4! First, methanol (70 mL) was exploited to
dissolve Zn(NOs),"6H,0 (1.027 g). Subsequently, mIm (2.271
g) was dispersed in methanol (70 mL). Next, two solutions
were mixed and stirred for 2 h, then centrifuged and washed 3
times with methanol. The final product was then dried
overnight at 110 °C.

ZIF-8/PAA membrane was fabricated in situ growth. Briefly,
the PAA membrane was placed in the middle of a two home-
made half electrolytic cell. The methanol solution of 49 mM
Zn(NOs3),"6H,0 was added to one half of the electrolytic cell,
and the same volume of 39.5 mM mIm solution (methanol was
used as a solvent) was added to the other half of the
electrolytic cell. Then they sealed for 72 h with the solution
changed every 24 h. Finally, the membrane was taken out, and
was ultrasonically washed 3 times with a large amount of
methanol, and dried at 110 °C for 1 h.

Characterization. The synthesized ZIF-8 and ZIF-8/PAA
membrane were characterized by scanning electron
microscopy (SEM, MIRA3, Taisken Co., Ltd., Czech
Republic), X-ray diffraction (XRD, 20 scanned between 0.5°
and 90° with the scanning speed of 2 °/min in the reflection
mode, D8 DISCOVER, Bruker AXS, Germany), thermal
gravimetric  analysis/differential ~ scanning  calorimetry
(TGA/DSC, under nitrogen at 25-800 °C with the heating rate
of 5 °C/min, STA449 F3, Netzsch Instrument Manufacturing
Co., Ltd., Germany), and X-ray photoelectron spectroscopy
(XPS) measurements (K-Alpha+, Thermo Fisher Scientific,
USA). In addition, synthesized ZIF-8 was also characterized
by transmission electron microscopy (TEM, HT7800, Hitachi
High-Tech, Japan) and N, adsorption-desorption isotherm
(Micromeritics ASAP 2460, Mike Instruments, USA). The
standard Brunauer-Emmett-Teller (BET) equation
(Micromeritics ASAP 2460, Mike Instruments, USA) was
exploited to calculate the surface area of ZIF-8 from the
adsorption isotherm. It is noteworthy that the samples were
degassed at 100 °C for 24 h prior to testing.

Electrochemical detection of Pb?*. The pH and ion
strength of the electrolyte play an integral role throughout the
experiment. To determine the appropriate pH and ion strength,
the prepared biosensor was used to detect various
concentration of Pb?" (0-10 uM) under different pH (3, 5 and 7)
and ion strength of KCI electrolyte (0.5 mM, 1 mM and 5
mM).
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Prior to electrochemical detection, the ZIF-8/PAA
membrane was placed in two pre-perforated 2 mm-holes
polyethylene terephthalate (PET) sheets (70 um thick, Yixing
King Plastic Co., Ltd., China Yixing) and was placed in a
thermoplastic machine and sealed at 150 °C to prepare
ultrasmall nanochannels biosensor. Then, the ZIF-8/PAA
membrane electrode was immersed in 1 mM KCI solution for
30 min until completely wetted, before putting it into a self-
made electrolytic cell. Afterward, the prepared membrane
electrode was sandwiched between two sheets of
polydimethylsiloxane (PDMS) (2 mm thick) to prevent liquid
leakage, and then assembled between two self-made half cells.
The exposed pores (effective transmission area, 3.14 mm?) of
the ZIF-8/PAA membrane were aligned with the two holes
(diameter: 2 mm) of the two half cells. One of the two cells is
a feeding cell and the other is a detecting cell (also called a
permeate cell). The Ag/AgCl electrodes were served as a
working electrode, an auxiliary electrode and a reference
electrode, wherein the working electrode was placed in the
feeding cell.

After the cells were installed, 2 mL of KCI solution (the pH
was 3, 5, 7, respectively; the strength was 0.5 mM, 1 mM, 5
mM, respectively) was added to the feeding and detecting cell.
The CHI 660E electrochemical workstation was used to apply
a detection potential of 0.01 V to the working electrode. The
first concentration of Pb?*" aqueous solution (10 nM) was
added to the feeding cell at 100 s, then different concentration
of Pb?" aqueous solution (20 nM-10 pM) were added every
100 s.

To detection the selectivity of the biosensor, it was used to
measure other metal ions (Co?*, Cd?**, Ba?*, Mn?*, Cu?*', Zn?*
and Ag’). The concentration of Pb?*" aqueous solution was
added to the feeding cell at 100 s, and then the other metal
ions was added every 200 s (the order of the added metal ions
was Co?*, Cd?**, Ba?", Mn?*, Cu?*, Zn*', Ag").

Water samples detection. In order to clarify whether the
prepared biosensor is suitable for the detection of Pb** in
actual samples, it was used for the detection of two water
samples in different lakes (water sample 1 and water sample 2).
At the same time, inductively coupled plasma-mass
spectrometry (ICP-MS, Agilent 7700, Agilent Technology Co.,
Ltd., Japan) was applied to detect Pb?*" in the two water
samples. Prior to ICP-MS, the water sample was first filtered
using a 0.45 pm filter, and then HNO; was used to adjust the
pH to 1-2. When the biosensor is used for the detection of
water samples, the pretreatment process of the water sample is
similar to ICP-MS, but the pH is not required to be adjusted to
1-2.

RESULTS AND DISCUSSION

Morphological characteristics of ZIF-8, PAA and ZIF-
8/PAA membrane. SEM and TEM were applied to
characterize the size and morphology of synthesized ZIF-8, as
depicted in Figure la-d. ZIF-8 nanoparticles are in the shape
of thombic dodecahedron with the size in the range of 140-190
nm can be observed in Figure 1a-b. TEM observation of ZIF-8
is presented in Figure lc and d. The shape of the ZIF-8
crystals is rhombic dodecahedron, which is similar to the
results of the previous report.*> The morphology of the PAA
membrane and the ZIF-8/PAA nanochannels composite
membrane was characterized using SEM, as demonstrated in
Figure le-i. Figure le shows the top surface of the PAA
membrane. It can be observed that the pore size of the

synthesized PAA membrane is relatively uniform, and the
average pore size is about 200 nm. Figure 1f and g present a
cross-sectional view of PAA membrane. The thickness of the
synthesized PAA membrane is about 50 um (Figure 1f). As
depicted in Figure 1g, nanochannels are parallel to each other
and have a size of about 200 nm, which corresponds to the
aperture described in Figure le. As indicated by the ZIF-
8/PAA membrane top surface (Figure 1h and Figure S1), ZIF-
8 with relatively well-proportioned particle size is evenly
distributed and almost completely covered on the PAA
membrane surface. The scalpel was used to score several
cracks on the surface of prepared ZIF-8/PAA membrane to
observe the inside microstructure of the membrane. Figure 1i
depicts the surface image of ZIF-8/PAA membrane destroyed.
It can be found that ZIF-8 is completely filled in PAA
nanochannels and blocks the nanochannels. The cross section
of ZIF-8/PAA membrane is observed in Figure 1j and Figure
S2. As shown in Figure S2a, the PAA nanochannels are filled
with a few ZIF-8 nanoparticles when the synthesis time is 24 h.
When the synthesis time is 48 h, the ZIF-8 filled in the PAA
nanochannels increased, but the filling rate is still insufficient
(Figure S2b). As it was extended to 72 h, ZIF-8 is sufficiently
filled in the PAA nanochannels (Figure 1j). The size of ZIF-8
nanoparticles is in the range of 140-190 nm, which is close to
that of Figure la-b. Figure 1k presents the N, adsorption-
desorption isotherm of obtained ZIF-8, PAA and ZIF-8/PAA.
It can be found that the isotherm shape of ZIF-8 is a type I
isotherm, which indicates that the synthesized ZIF-8 is a
microporous structure.*> 4 The isotherm shape of the PAA
deviates from the type I isotherm indicates that the PAA
membrane is not a microporous structure. Since ZIF-8 is
sufficiently filled in the PAA membrane nanochannesl, the
isotherm shape of ZIF-8/PAA is close to the type I isotherm.
As demonstrated in Figure 1m, the measured BET specific
surface area, total pore volume and micropore diameter of
ZIF-8 are 1706.7073 m%g, 0.63 cm’/g and 0.987 nm, which
are very similar to those in other reports.**#’ This indicates
that the ZIF-8 nanoparticles have a porous structure. The
measured specific surface area of PAA and ZIF-PAA is much
smaller than ZIF-8. The micropore diameter of ZIF-8 is 1.094
nm, which is close to that of ZIF-8. As depicted in Figure 11,
the pore size of the synthesized ZIF-8 is mainly distributed
between 0.8 nm and 1.2 nm, showing the pore structure of the
ZIF-8 nanoparticles is relatively uniform. The pore size
distribution of the ZIF-8/PAA membrane is similar to that of
ZIF-8. However, the pore size of the PAA membrane could
not be observed, indicating that this method is not suitable for
determining the pore size of the PAA membrane.
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ZIF-§ 1706.7073 1968.4317 0.631889 0.987
ZIF-8/PAA 205.6576 122.3765 0.094236 1.094
PAA 4.5099 6.0584 0.002314 7

Figure 1. The characteristics of the samples. (a) and (b) SEM
images of ZIF-8. (c¢) and (d) TEM images of ZIF-8. (e) Top
surface of PAA membrane. (f) Cross-section view of the
whole PAA membrane. (g) Magnified image of the PAA
membrane cross section. (h) Top surface of ZIF-8/PAA
membrane. (i) Surface of ZIF-8/PAA membrane destroyed by
the scalpel. (j) Cross-section view of the ZIF-8/PAA
membrane. (k) N, adsorption-desorption isotherms of ZIF-8,
PAA and ZIF-8/PAA membrane. (1) The pore size distribution
curve of ZIF-8, PAA and ZIF-8/PAA membrane. (m) The
porous structure parameters of ZIF-§, PAA and ZIF-8/PAA
membrane.

XRD and TGA/DSC analysis. The XRD spectrum of ZIF-
8, PAA membrane and ZIF-8/PAA nanochannels composite
membrane are shown in Figure 2a. ZIF-8 (black line) shows
high-intensity representative peaks at 20 of 7.35°, 10.40°,
12.75°, 14.73°, 16.48° and 18.04°, which corresponds to (011),
(002), (112), (022), (013), (222) lattice planes, indicating the
crystallinity of the prepared ZIF-8 is relatively higher.3% 4

Compared with the PAA membrane (red line), ZIF-8/PAA
membrane (blue curve) shows the same characteristic peaks as
ZIF-8 at 26 of 7.35°, 10.40°, 12.75°, 14.73°, 16.48°and 18.04°.

Page 4 of 9

This indicates that ZIF-8 can be formed in the PAA membrane.

The thermal stability of the resulting samples was studied by
TGA (solid line) and DSC (dashed line) as depicted in Figure
2b and d, respectively. For ZIF-8 (Figure 2b), the significant
reduction in TGA weight begins at around 500 °C, and the
actual endothermic peak appears at 625 °C for DSC. At this
point, the organic linker begins to carbonize and thermally
decompose, so that some small molecules such as NH; and
(CN), molecules are released.*- 3° As depicted in Figure 2c,
the TGA weight of PAA membrane remains almost stable up
to 800 ©°C. There is an obvious exothermic trend,
corresponding to the crystallization temperature of amorphous
phase to y-Al,O;, which is accordance to our previous report.>!
However, it does not affect the microstructure of PAA
membrane. For the ZIF-8/PAA membrane (Figure 2d), the
TGA weight is significantly decreased at around 500 °C, but
the reduction is less than that of ZIF-8. It is worth noting that
the DSC curve has no significant endothermic and exothermic
peaks belonging to ZIF-8. It may be that the peak of ZIF-8 is
screened by the one of the PAA membrane.
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Figure 2. XRD and TGA/DSC analysis of the samples. (a)
XRD analysis of the samples. (b) TGA/DSC of ZIF-8. (c)
TGA/DSC of PAA membrane. (d) TGA/DSC curves of ZIF-
8/PAA membrane.

Effect of the electrolyte pH and ion strength. In order to
select suitable electrolyte conditions, fabricated biosensor was
used to detect various concentration of Pb?" (10 nM-10 uM)
under different pH (3, 5 and 7) and different ion strength of
electrolyte (0.5, 1 and 5 mM KCl), as shown in Figure 3 and
Figure S3. As presented in Figure 3a, when the pH of the
electrolyte is 7, the detection of Pb?* has a good linearity in the
concentration range of 10 nM-10 uM at all ion strength of the
electrolyte (0.5, 1 or 5 mM KCIl). At pH 5, when the ion
strength of the electrolyte is 5 mM, the current curve are
deviated linearly (Figure 3b). When the pH continued to
decrease to 3, whether the ion strength of the electrolyte is 0.5,
1 or 5 mM, the results obtained are all deviated from linearity
(Figure 3c), because ZIF-8 1is wunstable under acidic
conditions.’>> Therefore, the pH of the electrolyte should be
set to 7. As depicted in Figure S3, the electrolyte strength is 5
mM, the baseline of the current is high, and the current
response curve is easy to drift. The fluctuation of the current
curve with electrolyte strength of 0.5 mM is more pronounced
than the electrolyte strength of 1 mM. Therefore, the
electrolyte selected for this experiment is 1 mM KCI (pH 7).

Temperature (:C)
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Figure 3. The linear relationship between current response
and Pb>* concentration (10 nM-10 uM) at electrolyte with
different pH value and ion strength. (a) The ion strength of the
electrolyte is 0.5, 1 and 5 mM KCI, respectively, and the pH of
the electrolyte is 7. (b) The ion strength of the electrolyte is
0.5, 1 and 5 mM KCl, respectively, and the pH of the
electrolyte is 5. (c) The ion strength of the electrolyte was 0.5,
1 and 5 mM KCI, respectively, and the pH of the electrolyte is
3.

Sensitivity and selectivity analysis of biosensor for
detecting Pb?*. To explore the sensitivity of the ZIF-8/PAA
nanochannels composite membrane biosensor, it was used to
detect various Pb?*" concentration (10 nM-10 pM) at a
potential of 0.01 V. Pb?>" will be enriched in nanochannels
under electric field, resulting in a change in the current
response. As demonstrated in Figure 4a, the current decreased
with increasing Pb?" concentration and the response time of
the biosensor is 1.5 s. As shown in Figure 4b, the Pb**
concentration is inversely proportional to the current. Its linear
equation is defined as i (nA)=34.19-7.10logC (nM) with the
correlation coefficient is 0.99. The detection limit is calculated
using LOD = 3S/k, where LOD, S and k respectively are the
detection limit, the blank standard deviation and the slope of
the linear curve. The detection limit is as low as 0.03 nM due
to the nanochannels enrichment under electric field.
Selectivity is very important for the sensor. Other metal ions
(e.g. Co?*, Cd*", Ba?*, Mn?", Cu?, Zn*" and Ag') were
measured in the experiment, as depicted in Figure S4 and
Figure 4c-d. The prepared biosensor was used for the detection
of 50 nM Pb?*" and other ions (e.g. Co?*, Cd*', Ba?", Mn**,
Cu?', Zn?" and Ag"), as shown in Figure S4. When 50 nM Pb?*
is added, the current drops significantly, while the current
changes slightly when 50 nM of other ions are added.
However, the fluctuation of the curve is large at the
concentration of 50 nM. When Pb? (1 uM) is added, the
current is drastically decreased, the fluctuation of the current
curve is small (Figure 4¢), and the current change (Ai=6.65 nA)
is significant (Figure 4d). When other metal ions with the
concentration of 10 pM are added, the current changes (Ai<2.0
nA) are not very noticeable. The result may be ascribed to Pb?*
interacts with the nitrogen atom of ZIF-8 in the biosensor,
causing the steric hindrance and charge density in the
nanochannels increased, so the current change is more obvious.
It is later confirmed by XPS analysis. Therefore, the biosensor
has good selectivity.
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Figure 4. The sensitivity and selectivity of the constructed
biosensor. (a) Current signal (i) corresponding to diverse Pb*"
concentrations. (b) Linearity of current signal (i) to Pb?*
concentrations (10 nM-10 uM). (c¢) Current signal (i)
corresponding to Pb?" (1 uM) and other metal ions (e.g. Co?*,
Cd?*, Ba?", Mn?', Cu?*, Zn*" and Ag", 10 uM). (d) The current
change (Ai) corresponding to other metal ions and Pb*". The
error bars were obtained by calculating the results of three
experiments.
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The detection range and detection limit of the new biosensor
is compared with other biosensors, as presented in Table 1.34-60
The detection limit of ZIF-8/PAA nanochannels biosensor is
0.03 nM, which is a little inferior than the reported DNA
sensors.’* 3 However, the linear range is from 10 nM to 10
uM, which is more wider than the reported sensors. In addition,
the cost of the new sensor is low because DNA biomolecules
is not needed in the fabrication.

Table 1 Comparison of some sensor reported for

Page 6 of 9

200 218.13+4.05 100.15%

detecting Pb?*
Detection method Detection D.ete?ctlon Referen
Range Limit ce
DNA-Based Sensor 0.5-30nM  0.3nM 56
Bismuth film electrode
modlﬁed. with gold 2.4-192 0.24 oM 57
nanoparticle-graphene- nM
cysteine composite
Electrochemical Sensor
based on DNA 0.05-200
functionalized porphyrinic nM 0.034nM 58
metal-organic framework
Molecular  beacon and
DNAzyme based 0.05-5nM  0.02 nM 54
colorimetric sensor
Electrochemical sensor o4 5
based on  gold-doped " 52nM 59
uM
carbon foams
Phytic acid functionalized
polypyrrole/graphene oxide 24-720
nanocomposites based nM 1.970M 60
electrochemical sensor
Biosensor based on
DNAzyme and G- Q0110004 hogam 55
. nM
quadruplex/hemin
ZIF-8/PAA nanochannels 10 nM-10 This
. 0.03 nM
biosensor M work

Detection of Pb?" in water samples. To evaluate the
reliability of prepared biosensor, the biosensor was used for
the measurement of Pb?" in water sample 1 and water sample 2.
As depicted in Table 2 and Figure S5-S6, the content of Pb**
in water sample 1 and water sample 2 are 25.93 nM and 17.84
nM, which are very close to the results measured by ICP-MS
(26.21 nM and 17.76 nM). In addition, in order to measure the
recovery rate, 50 nM, 100 nM, 200 nM Pb?* standard solution
is added to the samples, and the recovery rate is in the range of
86.54%-100.15%, which indicates that the sensor is suitable
for the detection of actual samples.

Table 2 Determination of Pb?* in water samples and
recovery after spiked

Samples (An(ll\?['?d Determined (nM) ?)/egovery
0 25.93+0.57
50 69.19+1.59 86.54%

Water sample 1
100 123.33+£2.43 97.40%
200 217.18+2.78 95.62%
0 17.84+0.46

Water sample 2 50 63.11+1.46 90.54%
100 110.17+2.54 92.33%

XPS analysis. XPS was applied to further demonstrate the
successful growth of ZIF-8 in the PAA membrane and to
explore the sensor's detection mechanism for Pb?", as seen in
Figure 5. For ZIF-8 (Figure Sa, blank line), significant peaks
of Zn2p, Ols, Nls, and Cls can be observed, which are
consistent with the reference.®! Significant peaks of Ols, Cls,
Al2s and AI2p are observed on the XPS curve of the PAA
membrane (Figure 5a, red line). XPS curve of ZIF-8/PAA
membrane (Figure 5a, blue line) can see the peaks of Zn2p and
N1s compared to ZIF-8, which indicates that ZIF-8 has been
successfully modified into PAA membrane. When Pb*" is
present, the significant peaks of Pb4d and Pb4f can be
observed (Figure 5a, pink line), indicating that Pb?* can be
loaded in ZIF-8/PAA membrane. To investigate the detection
mechanism of the sensor for Pb?*, data analysis and fitting
were performed on the Nls peaks using XPSPEAK41
software after Shirley background subtraction, as depicted in
Figure 5b-c. The binding energy of the Nls peak for ZIF-
8/PAA membrane is about 398.4 eV and 399 eV (Figure 5b),
which are attributed to C=N- and C-NH- group, separately.*’
When Pb?" is added, the two Nls peaks of ZIF-8/PAA
membrane still exist. At the same time, a new peak of 400 eV
appeared due to the coordination reaction between Pb** and
the nitrogen atom (Figure 5¢). The XPS spectrum of Pb4f was
analyzed to further confirm the coordination interaction
between Pb%* and nitrogen atoms of the biosensor. Before the
addition of Pb?" (Figure 5d, black line), there is no peak of
Pb4f for ZIF-8/PAA membrane. The peak of Pb4f (binding
energy of 142.6 eV) and Pb4{7/2 (binding energy of 137.7 eV)
is clearly observed in the ZIF-8/PAA membrane after adding
Pb*" (Figure 5d, red line). Compared with pure Pb(NOs), (the
binding energies of Pb4f5/2 and Pb4f7/2 are corresponding to
144.5 eV and 139.6 eV, respectively),5? the observed binding
energy of Pb4f is reduced by 1.9 eV. This also confirms the
coordinated interaction between nitrogen atoms and Pb?*.

@
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Figure 5. XPS analysis of samples. (a) The full XPS spectra
of samples. (b) XPS spectrum of Nls for ZIF-8/PAA
membrane. (¢) N1s XPS spectrum of ZIF-8/PAA membrane
after adding Pb?". (d) XPS spectra of Pd4f for ZIF-8/PAA
nanochannels composite membrane before and after Pb?*
addition.

CONCLUSIONS
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In this study, an ultrasmall nanochannels in PAA membrane
was prepared in situ growth. 2-methylimidazole and zinc
nitrate were used as the reaction precursor solution, and then
ZIF-8 nanoparticles were sufficiently filled in PAA
nanochannels membrane to ZIF-8/PAA membrane in situ
growth. The composite membrane was used as a sensor to
detect Pb?* by the coordination interaction between Pb?" and
nitrogen atoms. The sensor has a good linear range for Pb?*
from 10 nM to 10 uM. Because of the electric field enrichment
of the nanochannels, the detection limit is as low as 0.03 nM.
In addition, it can be used to detect Pb?* in real samples. This
work provides a new perspective for the preparation of
ultrasmall nanochannels and a new tool for the analysis of
heavy metal ions in the environment.
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