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Lead ions (Pb?*) are used in the quality control of traditional Chinese medicine (TCM) preparations because
they are highly toxic to human health. At present, sophisticated analytical instrumentation and complicated
procedures for sample analysis are needed for the determination of Pb2*. Herein, a simple, fast, and
sensitive peptide-modified nanochannel sensor to detect Pb?" in TCM is reported, which is based on
a Pb?*-specific peptide modified porous anodized aluminum membrane (PAAM). This peptide-based
nanochannel clearly has the highest selectivity for Pb?* when compared to other heavy metal ions,
including As?*, Cd®*, Co?*, Cr?*, Cu?*, Fe®', Hg?*, Mg?*, Mn?*, Ni?*, and Zn®". Based on linear ranges
from 0.01 to 0.16 uM and 10 to 100 pM, the detection limit was calculated to be 0.005 uM. Moreover,
this peptide-based nanochannel sensor was successfully used to detect Pb>* in complex TCM samples.
In addition, when compared with the gold standard atomic absorption spectrophotometry (AAS) method,

) 2020 the recovery of the peptide-modified nanochannel sensor was between 87.7% and 116.8%. The
Received 2nd December . . . . . oh .
Accepted 31st December 2020 experimental results prove that this new sensor is able to achieve accurate detection of Pb“" in TCM

samples. Thus, this sensor system could provide a simple assay for sensitive and selective detection of

DOI: 10.1039/d0ra10157¢ Pb?* in TCM, thereby showing great potential in the practical application for the quality control of heavy
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Introduction

Traditional Chinese medicine (TCM) has a long history over
thousands of years due to its synergistic, effect-enhanced,
clinical efficacy."* Yet, TCM differs from modern medicine,
which contains a single active constituent and supplementary
material with a quantitative concentration. The TCM has
multiple active constituents and other compounds including
toxic components, and their concentrations are influenced by
origin and processing techniques.’ These characteristics prove
to be a great challenge when determining the quality and safety
profile of TCM. Nowadays, the safety issues associated with
TCM are of significant public concern.® The heavy metal
pollution of TCM is currently a serious safety concern and has
become the key to TCM quality control.” Previous studies have
reported on heavy metal toxicity in TCM.*° Based on these
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studies, the limitation of TCM heavy metals has played an
important role in the pharmacopoeia of various countries,
including the Chinese Pharmacopoeia, 2020 edition." Among all the
toxic metals, lead (Pb>*) has received considerable attention as
a representative of the heavy metal pollutants and is a serious
hazard because of its ability to damage the central nervous
system,"** the kidneys," the cardiovascular system," the repro-
ductive organs'* and the hematological system.* Pb®" ions are one
of the key elements in the quality control of TCM. Thus, new
analytical techniques that are capable of rapidly and sensitively
detecting lead in TCM samples are of utmost importance.

For detecting Pb>" in TCM, analytical tools, such as atomic
absorption spectrometry (AAS), fluorescence spectroscopy (FL),
inductively coupled plasma mass spectrometry (ICP-MS), and
spectrophotometry have been applied."® These methods,
however, lack the ability to be used for real-time and on-site
monitoring. Although these techniques are accurate and
highly sensitive for detection, better methodological features for
ease of operation and low cost need to be investigated. The latest
findings revealed that an electrochemical method can play an
important role in the detection of toxic metal ions because of its
high sensitivity, simple instrumentation, low production cost, fast
response, and portability. Dahaghin et al.” developed a novel ion
imprinted polymer electrochemical sensor for the selective detec-
tion of Pb*>". Moreover, Shah et al.*® developed a highly sensitive
electrochemical sensing platform for trace level detection of Pb*",
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In addition, Zhou et al.* developed a sensitive electrochemical
biosensor-based G-quadruplex DNA-zyme and Au-Pd hybrid
nanostructures to detect Pb>*. However, these methods still have
some issues, such as, complex operation, high cost, and are time-
consuming to use. Therefore, novel methods for the detection of
Pb*" are still desirable.

Nowadays, functionalized nanochannel
become one of the representative electrochemical methods, and
have been used as a new platform to detect various ions.”*** There
are two main features in practical applications of functionalized
nanochannel sensors: specificity and signal amplification. Firstly,
functionalized nanochannel sensors can provide a highly specific
surface area, which allows for an increase in the amount of target
modification. Secondly, nanochannel sensors can also offer
a confined area at the nanoscale for the interactions between
functional molecules and analytes,*?® which brings kinetic effects
for the easy and frequent transport of reactants in the nano-
channel. These two main features are associated with applications
in highly specific and sensitive sensing.”” Nowadays, porous
anodized aluminum (PAA) membranes have been employed as the
representative base material for a nanochannel sensor, which has
advantages, including a controllable shape and pore size, and good
stability.”®* This sensor is not only able to amplify ion current
signals, but also reduces the background noise, leading to excel-
lent detection sensitivity. Moreover, the electrical output of
a nanochannel that arises from the ion transport inside of it, can
be very sensitive to the ionic concentration, thereby suggesting that
it has the potential for detecting heavy metal ions.

In recent years, several nanochannel-based sensors for lead ion
detection have been proposed. For example, Hsu et al.*® investigated
a pH-regulated conical nanochannel device, which was proposed for
detecting trace levels of Pb>". The current-voltage behavior of the
nanochannel was successfully examined, however, the selectivity of
this sensor needed further improvement. Cheng et al.** developed
avertically-ordered mesoporous, silica film decorated nanochannel
sensor. Although the detection for Pb** ions in human serum was
successful, the preparation process of the sensor was too complex.
These studies demonstrate the feasibility and promise of the
nanochannel system in the construction of highly-efficient ion
sensing devices. However, few studies for detecting Pb>* ions in
TCM with PAA-based nanochannels have been reported.

In the work reported here, a peptide-functionalized nanochannel
sensor was developed, with the aim of detecting Pb** in TCM. After
the peptide, which is specific to Pb**, was modified on the surface of
the nanochannel, ions except for Pb>* could get through the
channel. The peptide can specifically bind the target Pb>* when it
appears. Upon binding, the charge on the surface of the nano-
channel increases. The conjugated peptide-Pb>" folds, and the
effective channel diameter increases. Both the change in charge on
the nanochannel surface and the conformational transition lead to
concentration-dependent changes in the nanochannel current. This
study provides a novel metal ion sensor for TCM quality control by
incorporating a Pb**-binding peptide into the nanochannel. The
merits of the assay developed include: (1) high sensitivity and
specificity, (2) a strong anti-interference ability in detecting the Pb>*
in complex TCM samples, and (3) easy operation without use of
expensive instrumentation.

sensors have
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Experiments
Reagents

(3-Aminopropyl) trimethoxysilane (APTES, 98%) and glutaral-
dehyde solution (25% in H,0) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The peptide sequences (NH,-
KVSATDADDDVLL-COOH) were synthesized by GL Biochem Ltd.
(Shanghai, China) and its isoelectric point is 3.5. The PAAM (60 um
thick, 30 £ 5 nm aperture) were purchased from PuYuan Nano-
technology (Hefei, China). Tris-HCIl (pH = 7.5) and potassium
chloride (KCI) were purchased from Solarbio (Beijing, China).
Arsenic(m), cadmium(u), chromium(u), cobalt(u), iron(m), mercu-
ty(n), nickel(n), and zinc(n) standards for AAS were purchased from
Macklin (Shanghai, China). Copper(n) sulfate, lead(u) nitrate and
manganese(n) chloride were purchased from Sinopharm Chemical
Reagent Beijing Co., Ltd. (SCRC, China). All solutions were
prepared in Milli-Q water (18.2 MQ).

Instruments

The nanoporous alumina film was clamped in the middle of two
testing cells, which were filled with 5 mM Tris-HCI and 100 mM KCl
(pH 7.5). The electrical signal was measured using a Keithley 6487
picoammeter with Ag/AgCl electrodes in two electrochemical cells.
The scanning voltage was set from —1 to 1 V. The scanning electron
microscopy (SEM) images were obtained using a GeminiSEM system
(Zeiss, Germany). The contact angle images were taken using
a contact angle measurement system, OCA 20 (Dataphysics Instru-
ments, Germany). The conformational switching of the peptide was
determined using circular dichroism (CD) spectra (Applied Photo-
physics Ltd., UK). Wavelength scans were performed between 185
and 250 nm, and a 10 mm quartz cell was used. The Tris-HCI buffer
solutions (10 mM, pH 7.5) with 100 uM of peptide and 100 uM of Pb>*
were incubated at 25 °C for 1 h before measurements were made.

Chemical modification of nanochannels

The thickness of the PAAM was about 60 pm and the pore size
was about 30 + 5 nm. The PAAMs were firstly washed with
ethanol and ultra-pure water for 5 min using an ultrasonic
cleaner. Then, they were soaked in 5% HCI solution for 90 s and
the rinsed with ultra-pure water and dried under nitrogen.
Secondly, the prepared PAAMs were dipped in ethanol solution
containing 5% APTES for 12 h. Then, the PAAMs were washed
with ethanol and placed on a heating plate at 140 °C for 1 h.
Then, the PAAMs were immersed in a 25% aqueous glutaral-
dehyde solution overnight. Finally, the membranes were
washed with ultra-pure water and dried under nitrogen.

Peptide immobilization and optimization

The peptide was attached to chemically modified PAAM in the test
buffer (5 mM Tris-HCl, 100 mM KCl, pH 7.5) by a condensation
reaction between glutaraldehyde and the carboxyl group from the
peptide. Afterwards, the immobilized PAAM membrane was gently
washed with deionized water and stored in the test buffer. The
concentration of the immobilized peptide was optimized from 1 to
250 uM, and the modification time was 0.5 h to 5 h. Their action

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature was optimized from 10 to 40 °C. After optimization of
the experimental conditions, the membranes were immersed into
the solution containing 100 uM peptide at 25 °C for 3 h. After-
wards, a 10 mg mL ™" BSA solution was used to block the unreacted
active sites for 1 h to reduce non-specific adsorption, and then the
membranes were washed with ultrapure water.

Preparation of herbal medicines prior to lead ion analysis

Herbal medicine samples including Astragali Radix (Huang Qi),
Glycyrrhizae Radix et Rhizoma (Gan Cao), American ginseng (Xi Yang
Shen) and Lonicerae japonicae flos (Jin Yinhua) were obtained from
the Hubei Tianjin Chinese Herbal Pieces Company (Wuhan, China).
After the TCM samples were completely ground, 0.5 g samples of the
ground powder were dissolved in 10 mL of test buffer, filtered
through a 0.45 pm membrane, and then analyzed using the
proposed method. At the same time, the extracts, pretreated as
previously mentioned, were analyzed by AAS with a graphite tube
atomizer (Agilent 200, Agilent Technology Co., Ltd., USA), the gold
standard Pb*" ion detection method, was applied to detect Pb*>" in
the four herbal medicines for a comparison of the method.

Results and discussion

The principle of a peptide-modified nanochannel for Pb**
detection

The working mechanism of the peptide-modified nanochannel
biosensor for the detection of Pb>" is shown in Fig. 1. After pre-
modification, the Pb**-specific peptides were immobilized in

Traditional Chinese medicine

Extraction
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|
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Pb?*: @

Fig. 1 A schematic diagram of the peptide-modified nanochannel sensor for analysis of Pb?* in TCM.
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the nanochannel, where the Pb®>" was selectively captured by
this specific peptide. It has been reported previously that
aspartic acid was used as a recognition ligand for the detection
of Pb®" and that it showed a strong interaction with the lead
ions.*” In this work, the sequence of the peptide that was chosen
resulted in a specific response of the Pb®" due to its aspartic
acids and it had been used previously in the design of a peptide-
based electrochemical sensor for the detection of lead ions.**
Prior to the chemical modification, the nanochannels were
treated with sulfuric acid. The hydroxyl groups (-OH) were then
exposed on the unmodified nanochannels’ surfaces, which were
positively charged.* After the nanochannel was modified by
negatively charged peptides, the charge density of the nano-
channel surface decreased. When the Pb*" were bound to the
peptide, the charge density of the nanochannel surface dramati-
cally increased due to the contribution of the positively-charged
Pb**. Moreover, the Pb*"-specific peptide blocks the nano-
channel, and after adding Pb**, the blocking effect could be veri-
fied as “open” and the ion current increased significantly. As
a result of the change in charge density on the nanochannel
surface and the conformational transition of the Pb*"-specific
peptide, the behavior of the current-voltage (I-V) curves changed
significantly, resulting in a significant increase of the current.

Optimization of nanochannel modification

To achieve the best optimal modification efficiency, some
factors, including temperature, reaction time, and peptide
concentration were adjusted to optimize the experimental
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parameters for peptide immobilization. At a voltage of —1 V, (I
— Iy)/I, was defined as the absolute value of the current change
ratio, where I, and I were the current values measured at —1 V
before and after modification with the peptide, respectively.
According to what was observed in the experiments the
temperature was the most significant factor affecting the
modification effect. As shown in Fig. S4A (ESIf), the optimal
temperature was 25 °C. The stability of the imine bond varied
with the environment, and a long term treatment may cause the
bond to break. This can also be observed in Fig. S4B and C

Chemical
modification
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(ESIt). The optimal reaction time and peptide concentration
were 3 h and 100 pM, respectively. When the modification time
was too long, the blocking effect was less apparent.

Modification and characterization of the nanochannels

In this work, 30 + 5 nm PAAM nanochannels were selected to be
modified with the peptide. Initially, alumina nanochannels
were chemically modified with peptides by a three-step process
that is shown in Fig. 2A. The current-voltage (I-V) as a current
value measurement was extensively applied to verify the
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(A) The modified process. (B) The ion current of the transmembrane before APTES modification (black curve), after APTES modification

(pink curve), after GA treatment (brown curve) and after peptide modification (blue) from —1V to 1 V. (C) The XPS spectra of the PAA membrane
without (black) and with modification by APTES (pink), GA (brown), the peptide (blue). (D) Narrow survey of XPS analysis of the silicon of bare and
APTES modified PAAM surface. (E) Narrow survey of XPS analysis on nitrogen element of bare, GA and peptide modified PAAM surface,
respectively. The peptide concentration was 100 pM, and the current—voltage detection was carried out in buffer (5 mM Tris—HCL, 5 mM KCL, pH
7.5).
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Fig. 3 (A) Binding Pb2* process, (B) and (C) the sensor's responses to 11 different metal ions and Pb?*, the blank contains no metal ions, and the
concentration of each metal ion was 100 uM. The concentrations of the peptide and the ions are 50 and 100 uM, respectively.

properties of the modified nanochannels. In the first step
shown in Fig. 2B, it is seen that the successful APTES modifi-
cation resulted in a slight decrease in the current change, which
was caused by the change of wettability on its surface.* As can
also be seen from the contact angle images showed in Fig. S1B
(ESIt), the contact angle after the APTES modification increased
from 26.6° + 0.6° to 45.7° + 1.3°, which proved that the
hydrophobicity of the nanochannel surface was increased after
APTES modification. After the covalent interaction of glutaral-
dehyde with APTES, the current decreased significantly because
the positive charge on the surface of the nanochannel was
reduced when the uncharged glutaraldehyde was successfully
applied. These I-V curve results were consistent with those
presented in previous studies.**”” Additionally, the contact
angle shown in Fig. S1C (ESIT) further increased because the
hydroxyl groups on the surface of the nanochannels were con-
verted to aldehyde groups, thereby proving that the glutaral-
dehyde on the nanochannel had been modified. After
modification with the peptide, the modified peptide blocked
the nanochannel, which decreased the current due to the
conformational transition of the peptide. In addition, the
peptides with amino acids, which had a strong hydrophilicity,
also decreased the contact angle as shown in Fig. S1D (ESIY),
indicating that the peptide was modified successfully. There-
after, the unreacted active sites on the channel surface were
blocked with 10 mg mL ™" BSA, and no significant change in

© 2021 The Author(s). Published by the Royal Society of Chemistry

current was observed because of the reduced number of
unreacted active sites.

To further demonstrate that the surface modification of the
nanochannel had occurred, X-ray photo electron spectroscopy
(XPS) and SEM characterization of the peptide attachment was
performed. It is shown in Fig. 2C and D, that the bare PAAM
does not show the Si 2p peak (black curve), whereas a distinct
peak of Si 2p appears (pink curve) after the ion nanochannel
was treated with APTES, indicating the successful immobiliza-
tion of APTES. There are plenty of AlI-OH groups on the PAAM,
and after coupling with APTES and GA, the Al-OH groups
transformed into reactive aldehyde groups that can be used for cova-
lent binding of the peptide. As shown in Fig. 2E, unmodified PAAM
(black line) has no significant N 1s peaks. However, after the APTES
modification occurred, a clear peak of N 1s was observed on the PAAM
membrane (brown line), which also proved that successful immobili-
zation of APTES had happened. Then, after further modification with
the peptide (blue line), peaks corresponding to N 1s significantly
increased compared with those in the APTES and GA modification
step because of the presence of nitrogen in the peptide. Moreover, the
morphology of the prepared PAAMs and peptide-modified PAAMs
were characterized using SEM, as shown in Fig. S2 (ESIf). After
modification with the peptide, it can be seen in Fig. S2B and D (ESI}),
that the surface of the PAAM was covered with the peptide, which
decreased the internal diameter of the nanochannels from 33 nm to
27 nm due to the modification of the peptide compared with the un-
modified PAAMs shown in Fig. S2A and C (ESIf). Overall, the XPS and

RSC Adv, 2021, 11, 3751-3758 | 3755
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Fig. 4 (A) The /-V curves of the nanochannel biosensor bound with Pb?*, measured at a series of concentrations (0.01 pM to 100 pM). (B) The
linear relationship between the | — Io/l value and the concentration of Pb?* (0.01 pM to 0.16 pM and 10 uM to 100 pM). (C) The linear relationship
between the | — Io/lo value of the Pb?* concentration from 0.01 uM to 0.16 uM. (D) The linear relationship between the | — /o//o value of the Pb2*

concentration from 10 uM to 100 pM.

SEM characterization results indicated that the peptide-modification
on the nanochannel surface was successful.

Selectivity of the nanochannel sensor

The selectivity of the sensor system to the peptide-modified
nanochannel sensor was tested by applying various ions,
including As**, cd**, co**, cr**, cu™, Fe*", Hg*', Mg”*, Mn>,
Ni**, and Zn>*. The prepared sensor was immersed in a solution
containing 100 uM of interfering metal ions, and for the blank,
test buffer without metal ions was used. As shown in Fig. 3B and
C, the current-voltage curves showed that under the same
experimental conditions, the current response of the Pb**
solution was the highest and the control only responded very
slightly. After adding Pb>", the I-V results presented in Fig. 3A

show that the current increased significantly, which was due to
the change in the charges on the surface and the peptide
conformation in the nanochannel. The sensor responded
slightly to other ions, such as Cd**, Co®", and Mg>", and the
signal change was significantly less when compared to that of
Pb>". The corresponding ion current change ratios (I — Io/I,) of
the modified nanochannel in the presence of test ions are
shown in Fig. 3C. The I, and I are the current values measured
before and after adding the metal ions, respectively. It was
obvious that the relative ion current change ratio for Pb*>" was
much bigger than that of other ions. Thus, the data given above
indicate that the nanochannel sensor can detect Pb>" among
other metal ions, exhibiting remarkable selectivity.

Table 1 Determination of Pb?* in traditional Chinese medicine samples (n = 3)

Determined (AAS)

Determined (PAAM)

Sample Origin (No.) nM mg kg™ nM mg kg™ Recovery (%)
Astragali radix Neimeng (2019050307T]) 169+ 14 0.30 £ 0.0125 19.26 £ 0.9 0.31 £ 0.0167 87.7
Glycyrrhizae radix et rhizoma Neimeng (190410TQT) 30.2 £ 1.6 0.2 £ 0.0972 28.9 + 1.2 0.17 + 0.0141 104.5
American ginseng Hebei (201812004T]J) 377+ 6.8 0.33 £ 0.002 32.27 £ 0.24 0.39 £+ 0.0707 116.8
Lonicerae japonicae flos Hebei (201906001TJ) 126.9 = 3.7 1.28 £ 0.009 123.9 £9.3 1.31 £ 0.0357 102.4
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Verification of the successful capture of Pb**

To further verify the successful capture of Pb>* (Fig. 3A), XPS
and CD experiments were carried out. The XPS results in
Fig. S3B (ESIT) show that after Pb®" was added, the Pb 4f (140 V)
peak appeared. To clearly evaluate the reaction between the
peptide and Pb>*, CD experiments were carried out. The CD is
a useful spectroscopic technique applied for studying the
peptide structure in solution, which can show the conforma-
tional switching of the peptide, including a-helixes, B-pleated
sheets, and other changes.* As shown in Fig. S3A (ESIt), the CD
experiments in the peptide solution showed a positive peak near
190 nm. After the addition of Pb**, the peak became too negative.
Moreover, the negative peak near 200 nm decreased after adding
Pb*".These results indicated that the orhelicity of the peptide
decreased, which induced the diameter to decrease after adding
Pb*" jons.* The decrease in hindrance caused an increase in the
current, which further showed the mechanism of this peptide-
based nanochannel system. The previously mentioned results
demonstrated that the Pb®>" was successfully captured.

Sensitivity

Based on the optimal experimental conditions, the lowest Pb>*
concentration was determined. The results of this are shown in
Fig. 4A and B. The current increased after the Pb>* binding within
a certain range from —0.789 pA to —5.21 pA at a voltage of —1 V. In
Fig. 4C and D, it is shown that the I — I,/I, was linearly related
to the concentration of Pb®* from 0.01 to 0.16 pM. The linear
relationship between the Pb®" concentration and I — Io/I, can
be described by the expression: I — Iy/I, = 9.1942x + 0.093 and I
— Io/I, = 0.0513x + 1.4006 with correlation coefficients of R* =
0.995 and R> = 0.9918, respectively. This strategy yielded a low
detection limit of 0.005 pM. As shown in Table S1 (ESIT), the
papers published on the detection of Pb*" are summarized.
These include carbon nanotubes, graphene quantum dots,
fluorescence probes and other methods have also been grad-
ually developed. Compared with the other methods shown in
Table S1 (ESIT), this method has obvious advantages such as
lower limits of detection at 5 nM and better sensitivity. Unlike
the other methods, which all have their own limits for
detecting complex samples, this method has advantages for
the detection of in TCM samples which has potential appli-
cations in toxic heavy metals research.

Pb”>* analysis in TCM

To evaluate whether this peptide-modified nanochannel sensor
can be applied to the quantification of Pb** in TCM, four
representative practical samples from TCM: Astragali radix,
Glycyrrhizae Radix et Rhizoma, American ginseng, and Loni-
cerae japonicae Flos were employed. Detection of the Pb**
content in these samples was carried out as mentioned previ-
ously, and the results were compared with the results of the gold
standard method (AAS). As shown in Table 1, the results of this
sensor were consistent with those of AAS for the determination
of Pb** in TCM. The data show that compared with the AAS
method, the recovery of the peptide-modified nanochannel

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sensor was between 87.7% and 116.8%. Thus, these experi-
mental results proved that this new sensor is a good choice for
the accurate detection of Pb*>" in TCM samples.

Conclusion

In conclusion, a peptide-modified nanochannel sensor, was
designed which has high sensitivity and selectivity for the
detection of Pb*>". By changing the ionic current signal, the
microstructural change in this peptide-based nanochannel
sensor caused by Pb>" could be easily and sensitively monitored.
In addition, this system exhibited an ultra-trace selective
recognition ability to Pb>" at a very low concentration (about 5
nM) and did not interact with other heavy metal ions including:
As™, cd*', co*', cr*’, cu®, Fe**, Hg", Mg®", Mn”", Ni**, and
Zn>*. Moreover, the detection was selective enough to be
applied in complex TCM samples, which provides a potentially
convenient assay for applications in environmental and bio-
logical samples. With further optimization, this sensor can
potentially be applied in commercially portable devices for the
detection of various metal ions in TCM without the use of
expensive instruments and complex preparation procedures.
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