Microchimica Acta (2020) 187:493
https://doi.org/10.1007/s00604-020-04469-3

ORIGINAL PAPER m

Check for
updates

Coating silver metal-organic frameworks onto nitrogen-doped
porous carbons for the electrochemical sensing of cysteine

Xiurong Zhai'? - Shuai LiZ - Xi Chen? - Yue Hua? - Hua Wang?

Received: 23 April 2020 / Accepted: 27 July 2020
© Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract

Nitrogen-doped porous carbons (N-PC) were coated for the first time with silver metal-organic frameworks (Ag-MOF) by the
hydrothermal route. The resulted N-PC@ Ag-MOF composites present high stability because of the strong interaction between N
atoms of N-PC and Ag"* ions of Ag-MOF. It was discovered that the electrodes modified with N-PC@Ag-MOF composites
display much higher conductivity than the one modified with Ag-MOF. Especially, they provide stable and sharp electrochemical
signals of solid-state AgBr at a low potential approaching zero (i.e., 0.02 V), which may aid to overcome the drawback of the
traditional electroanalysis at high overpotentials with serious interferences from the samples background. More importantly, the
yielded AgBr signals selectively decrease induced by cysteine (Cys) through the specific thiol-bromine replacement reactions
that transfer AgBr into non-electroactive Ag-Cys. The proposed method facilitates the selective detection of Cys with two linear
working ranges of 0.10 to 100 uM and 100 to 1300 1M, respectively. The N-PC @ Ag-MOF-based sensors have been used for
detection of spiked Cys in milk samples with good recovery efficiencies. The developed electroanalysis strategy for probing Cys
through the specific thiol-bromine replacement has potential applications in the food analysis fields.
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Introduction Hence, the selective and sensitive detection of Cys levels in

a variety of food products like milk is of great significance. Up
Cysteine (2-amino-3-sulphydrylpropanoic acid) (Cys), an es-  to date, several analytical methods have been reported for the
sential amino acid containing thiol group, may exist in some  determination of Cys, such as the high performance liquid
daily foods (i.e., milk) as the high nutritional content [1-3]. It ~ chromatography [5], fluorescence spectroscopy [6], flow in-
can also act as the physiological regulator for various diseases  jection [7], colorimetry [8], chemiluminescence [9], and elec-

such as heart disease, rheumatoid arthritis, and AIDS [4].  trochemistry analysis [10]. Among them, the electrochemical
analysis is one of the most frequently used and attractive anal-
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perimental costs. However, most of the electrochemical deter-
minations for Cys with the modified electrodes may mainly
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electron density [15, 16]. As a result, the electrochemical cat-
alytic performances of the N-doped PC (N-PC) materials can
be recognized by N doping to promise for the improved ap-
plications for the chemical sensors and biosensors [17-19].
Also, they can attain the better multifaceted features such as
large surface area, unique pore structure, good electrochemi-
cal stability and conductivity, excellent thermal and mechan-
ical stability, and easy regeneration, compared with the pris-
tine carbon materials [13—19]. For example, the N-PC-
modified electrodes were reported to possess the higher reac-
tion activity for the electrochemical catalytic reduction of ni-
trobenzene to aniline [17]. The electrochemical biosensors
were developed with co-embedded N-PC composites for sen-
sitively probing H,O, [18]. Also, the CuCo-coated N-PC ma-
terials were modified on the electrodes achieving the highly
sensitive electrochemical analysis for luteolin [19].

Moreover, metal-organic frameworks (MOF) have re-
ceived considerable interests due to their outstanding prop-
erties including high porosity, large surface area, and struc-
tural and chemical tunability [20]. However, most of the
pristine MOF may currently suffer from the low conductiv-
ity, showing very limited electrochemical applications [21,
22]. Alternatively, many studies have been focused on the
design of the MOF-based composites with suitable hybrid
structure [23, 24]. For example, Ni-MOF was in situ synthe-
sized on the graphene/Ni foam with the self-supporting hy-
brid structure for the all-solid-state supercapacitors with high
energy density [23]. MOF/reduced graphene oxide compos-
ites were prepared by the electrostatic self-assembly method,
showing the high electrical conductivity and excellent flex-
ibility and mechanical properties [24]. Ag-based porous
MOF (ZIF-67) fabricated and exhibited excellent electrocat-
alytic performances for glucose oxidation with high sensitiv-
ity and good selectivity and stability [25]. Ag-MOF were
prepared by Ag(I) ions coordinated to oxygen groups in an
organic ligand and could exhibit high electrocatalytic activ-
ity for the oxygen reduction reaction when they are incorpo-
rated in a porous carbon support [26].

In the present work, N-PC materials were firstly coated
with silver (Ag) MOF to yield the N-PC@ Ag-MOF compos-
ites by the hydrothermal method. It was discovered that in
addition to the greatly improved conductivity, the N-
PC@Ag-MOF-modified electrodes could display stable elec-
trochemical oxidation peaks of AgBr at a lower potential near
zero, which is helpful to overcome the defects of the tradition-
al electroanalysis at high overpotentials with serious back-
ground interferences. Importantly, the highly specific re-
sponses to Cys could be thus achieved through the irreversible
thiol-bromine replacement reactions resulting from the con-
version of AgBr into non-electroactive Ag-Cys, showing the
rational decrease in AgBr signals. Subsequently, the practical
electroanalysis of Cys in milk was demonstrated with the fa-
vorable recovery efficiencies.

@ Springer

Experimental section
Reagents

AgNOj;, dicyandiamid (DCDA), 1,3,5-trimesic acid
(H3BTC), imidazole, acetonitrile, and tetramethyl ammoni-
um hydroxide were all purchased from Sangon Biotech Co.,
Ltd. (China). Cysteine (Cys), phenylalanine (Phe), trypto-
phane (Try), leucine (Leu), lysine (Lys), methionine (Met),
isoleucine (Iso), valine (Val), tyrosine (Tyr), glucose (Glu),
saccharose (Sac), dopamine (DA), and ascorbic acid (AA)
were purchased from Sigma-Aldrich (Shanghai, China).
Phosphate buffer solution (1/15 M, pH 7.0) was used as the
buffer solution. All chemicals reagents were of analytical
grade. Double-distilled water was used throughout the
experiments.

Apparatus

Scanning electron microscopy (SEM, Hitachi E-1010, Japan)
and power X-ray diffraction (XRD, Xcalibur E diffractome-
ter) were utilized for the characterization of the prepared com-
posites. All the electrochemical experiments were character-
ized on the electrochemical workstation CHI 760E (CH
Instrument, Shanghai, China). A conventional three-
electrode system was applied consisting of glass carbon elec-
trode (3 mm in diameter) as working electrode, which was
polished firstly with alumina powder and then ultrasonically
cleaned with water and alcohol, Pt wire as counter, and Ag/
AgCl/3 M KCI as reference electrode. All experiments were
performed at room temperature.

Synthesis of the N-PC@Ag-MOF composites

PC@Ag-MOF composites were prepared by the hydrother-
mal method. Firstly, the N-PC materials were synthesized
according to the literature [27]. Briefly, MOF-5 was chosen
as template, and DCDA was chosen as N precursors. The
dried MOF was soaked in methanol solution in the presence
of DCDA and carbonized at 900 °C in ultrapure nitrogen.
Then, the obtained materials were washed with dilute hydro-
chloric acid solution and double-distilled water. Secondly, an
aliquot of N-PC suspension (0.0100 g/L) was introduced into
AgNOs (0.01277 g/mL) to be mixed for 30 min under vigor-
ous stirring and further transferred into the 25 mL Teflon-lined
stainless steel autoclave. Thirdly, H;BTC (0.0399 g), imidaz-
ole (0.0399 g), and acetonitrile (2.0 mL) were added into the
mixture of pH 6.5, which was regulated with tetramethyl am-
monium hydroxide. Finally, the mixture was stirred for
30 min until completely dispersed and then heated at 120 °C
for 6 h. After cooling to room temperature, the products were
centrifuged and washed by distilled water and ethanol each for
three times. The obtained black powder N-PC@Ag-MOF
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were dried in vacuum at 60 °C for 4 h and further stored in
dark.

Preparation of the N-PC@Ag-MOF-modified
electrodes

N-PC@Ag-MOF composites (0.0100 g/L) were dispersed in-
to the 2.0% Nafion solution. An aliquot of 3.0 uL of the above
N-PC@Ag-MOF was then dropped onto each of the glassy
carbon electrodes to be air-dried for future usage. The linear
sweep voltammetries (LSVs) were performed at the potentials
ranging from — 0.30 to 0.60 V at a scanning rate of 100 mV/s.

Electroanalysis of Cys

Electrochemical measurements for Cys with the N-PC@Ag-
MOF-modified electrodes were performed in the buffer so-
lution containing 100 mM Br ions. Furthermore, an aliquot
of Cys of different concentrations was separately introduced
into the above buffer solution for the electrochemical mea-
surements by linear scanning voltammetries (LSVs).
Moreover, the control tests were conducted accordingly for
some other common ions, small molecules, amino acids, and
compounds, including Mg?*, Ca®*, Zn**, Na*, PO4>~, CO5?
-, CI', Phe, Try, Leu, Lys, Met, Iso, Val, Tyr, Glu, AA, Suc,
and DA.

Three samples of fresh milk were obtained from local su-
permarket (Jining City, China), which were separately spiked
with Cys of known concentrations (i.e., 10 mM and 20 mM).
Then, an aliquot of 50 puL milk samples was introduced into
5 mL of the optimal phosphate buffer (pH 7.0),
containing100 mM Br for the electroanalysis according to
the same procedure above. Furthermore, the concentrations
of added Cys in the milk samples were obtained to calculate
the recovery efficiencies according to the rationally decreased
currents of LSV at the potential of oxidation peak.

Results and discussion

Main fabrication procedure of N-PC@Ag-MOF for the
electroanalysis of Cys

The main fabrication procedure of N-PC@ Ag-MOF compos-
ites for the electroanalysis of Cys is schematically illustrated
in Scheme 1. Herein, N-PC materials were mixed with
AgNO;; so that N atoms of N-PC could strongly coordinate
with Ag*. Once H;BTC and iminazole were introduced into
the hydrothermal process, the N-PC@Ag-MOF composites
could be thus formed. Afterwards, N-PC@Ag-MOF compos-
ites were modified on the electrodes, in which Ag* in N-
PC@Ag-MOF composites would interact with Br ions in
solution to form AgBr, showing the stable and sharp

electrochemical signals of solid-state AgBr (Fig. S1).
Further, when Cys was added, its —SH group would trigger
the transferring of AgBr into Ag-Cys with no electroactivity
by conducting the thiol-bromine replacement, because the Ag-
Br interaction is much weaker than that of the Ag-Cys one.
Therefore, a rational decrease was thus observed in the AgBr
signals toward the electroanalysis of Cys by the signal output
of solid-state Ag/AgBr electrochemistry.

Characterization of N-PC@Ag-MOF composites

Morphological studies of the N-PC and the developed N-
PC@Ag-MOF composites are comparably carried out by
SEM imaging (Fig. 1). One can note from Fig. 1a that N-PC
could show the flat structure with many large pores of several
hundred nanometers in size. Remarkably, the N-PC@Ag-
MOF composites display similar sheet structures, which may
prove the successful decoration of micro-sized Ag-MOF over
N-PC layers (Fig. 1b). Also, the surface morphology of N-
PC@Ag-MOF composites was studied by elemental map-
ping, with the data shown in Fig. S2. It was found that the
elements of Ag, C, O, and N could be distributed homoge-
neously throughout the N-PC@Ag-MOF composites.
Furthermore, the power XRD pattern was performed (Fig.
S3). It was observed that N-PC@Ag-MOF composites could
exhibit several peaks at diffraction angles (26) of 10.56°,
29.45°, 30.74°, 32.97°, and 40.13°, corresponding to the
(020), (241), (225), (046), and (400) planes, respectively
[28]. Therefore, these results indicate the successful formation
of N-PC@Ag-MOF composites.

Figure 2 presents the cyclic voltammetries (CVs) of various
modified electrodes in buffer solution. It can be seen that no
obvious redox peaks could be observed for the N-PC-
modified electrode. Also, the Ag-MOF-modified electrode
could present the CV curve that was not smooth with some
serrations (Fig. 2 inset). In contrast, the N-PC@Ag-MOF-
modified electrode could display the highest current density
with the smooth CV curve, because that N-PC containing in
the N-PC@Ag-MOF composites with high conductivity
could facilitate the improved electronic transmission.
Besides, one pair of redox peaks could be clearly observed
for both of the Ag-MOF and N-PC@ Ag-MOF-modified elec-
trodes, which might be attributed to the redox reaction of Ag
[29].

Electrochemical Cys sensing properties for the N-
PC@Ag-MOF-modified electrodes

The LSV curve of the Ag-MOF-modified electrode was con-
siderably rough, and especially the signal was very small after
adding Cys (Fig. S4). However, the N-PC@ Ag-MOF-modi-
fied electrodes offered high current response for the electro-
analysis of Cys through the solid-state Ag/AgBr

@ Springer
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electrochemistry. Figure 3 shows the characteristic electro-
chemical LSV responses of the N-PC@ Ag-MOF-modified
electrode to Cys without and with Br ions. It was found that
after adding Br ions, the N-PC@Ag-MOF-modified elec-
trode could present a large and stable AgBr oxidization peak
current at the potential approaching zero (i.e., 0.02 V). More
importantly, the addition of Cys could induce a great decrease
in the AgBr current of the N-PC@Ag-MOF-modified elec-
trode, which might circumvent the high overpotential disad-
vantages of traditional electrochemical oxidation of Cys.

The above effects might be explained by the following
reasons. Although Ag" in Ag-MOF could interact with Br_
ions to form AgBr, the electrical conductivity of Ag-MOFs
was too poor to cause high current responses after adding Cys.
However, N-PC containing in N-PC@Ag-MOF composites
could possess high conductivity to improve the electron trans-
ferring between Ag-MOFs and Br™ ions. As a result, the most
effective current response of the N-PC@ Ag-MOF-modified
electrode to Cys could be expected.

Fig. 1 SEM images of (a) N-PC
and (b) N-PC@Ag-MOF
composites

@ Springer

o % TR,

Optimization of main conditions for the Cys
electroanalysis

The effects of the main electroanalysis conditions on the elec-
troanalysis performances of the N-PC@ Ag-MOF-modified
electrodes were investigated, including Br - amounts, response
time, N-PC amounts, and pH values (3.0-10.0) (Fig. S5). The
effects of Br amounts on the electroanalysis performances of
the Br-SH replacement were investigated. It was noted that the
peak currents of solid-state AgBr could increase as the Br-
concentrations increase up to 100 mM, over which the current
signal was almost unchanged (Fig. S5A). Accordingly,
100 mM Br ions were thereby chosen as the optimal one.
Figure S5B exhibits that the reaction of Br-SH replacement
could reach the equilibrium within 50 s, acting as the optimal
response time. Moreover, it was found that the amounts of N-
PC could significantly affect the current responses of the mod-
ified electrodes. The currents of AgBr could increase with
increasing N-PC amounts until 1.0 mg/mL, over which the
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Fig. 2 Electrochemical CV characterization of the bare, N-PC, Ag-MOF,
and N-PC@Ag-MOF-modified electrodes in the phosphate buffer
solution (pH 7.0). Scan rate: 50 mV/s (inset: CVs of the Ag-MOF-
modified electrode)

changed current signals were not obvious. The phenomenon
may presumably be attributed to the fact that too high N-PC
amount might lead to the low ratio of Ag content, so as to
bring about the reduced chance of Br-SH replacement reac-
tions (Fig. S5C). Accordingly, 1.0 mg/mL of N-PC was
thought to be the optimal amount in the experiments. Also,
the pH values could influence the electrochemical signals of
Cys (Fig. S5D). Obviously, the highest current change could
be obtained at pH 7.0, which should be selected as the suitable
one.

Electroanalysis performances of the N-PC@Ag-MOF-
based sensor for Cys

The selectivity of the N-PC@ Ag-MOF-modified sensors for
Cys electroanalysis was explored, in comparison with the
common ions, small molecules, and amino acids with the
same concentration (200 uM) possibly co-existing in milk

12 —_N-PC@Ag-MOF
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Fig. 3 Characteristic electrochemical LSV for Ag-MOF @N-PC-
modified electrode before and after adding Br ions (100 mM) and then
Cys (200 uM) in the phosphate buffer solution (pH 7.0). Scan rate:
100 mV/ s

(Fig. 4). As shown in Fig. 4a, by comparison, all of the other
kinds of analytes tested could individually present the negli-
gibly low responses. Importantly, when these substances
possibly co-existing in milk were separately mixed with
Cys, they could exert no significant effects on the Cys re-
sponses (Fig. 4b). Further investigations had been directed to
detect 200 uM Cys in the presence of Try with the concen-
tration of 20 mM, and no obvious interference was encoun-
tered for the determination of Cys (Fig. S6). Accordingly,
this developed electroanalysis method with good anti-
interference ability could selectively probe Cys in some
complicated samples. These phenomena could be explained
by the following reasons. The selective detection of Cys
containing thiol groups could be realized through the trans-
ferring of AgBr into non-electroactive Ag-Cys product
resulting from the specific thiol-bromine replacement reac-
tions. However, the common ions, small molecules, and oth-
er amino acids could present no significant responses, be-
cause they do not contain thiol groups that can possess the
stronger interaction with Ag* so as to conduct the thiol-
bromine replacement reactions.

The reproducibility for sensing Cys was investigated using
six N-PC@Ag-MOF-modified electrodes (Fig. S7A), show-
ing the statistical standard deviation of about 4.4%.
Meanwhile, electrochemical investigations were carried out
on the storage stability of N-PC@Ag-MOF-modified elec-
trodes (Fig. S7B). As expected, no obvious current changes
were monitored for the tested electrodes modified with N-
PC@Ag-MOF that were stored even up to 6 months.
Besides, the N-PC @ Ag-MOF-modified sensors were applied
to detect Cys with the same concentrations (Fig. S8).
Accordingly, the changes of Cys responses could present the
high consistency, indicating that the modified electrodes
might be reused for five cycles for the Cys with low concen-
trations (i.e., 10 uM). These results prove that the developed
N-PC@Ag-MOF-modified electrodes could present high re-
producibility and long-time stability for the detection of Cys.

Under the optimized conditions, the developed electroanal-
ysis method was applied for sensing Cys with different con-
centrations (Fig. 5). As shown in Fig. 5a, it was found that
with the increasing Cys concentrations, the current responses
of the N-PC@Ag-MOF-modified electrodes decreased, and
the potential of oxidation peak slightly shifted to the left be-
cause the potentials of oxidation peak might become smaller
according to the Nernst equation
(E=¢"/ AgEzg+ jag + RT 1o X285y Figure 5 b shows a linear
relationship over Cys concentrations in the range from 0.10 to
100 uM and 100 to 1300 uM, with the changed current at the
potential of oxidation peak (i.e., 0.02 V) with the scan rate of
100 mV/s. The limit of detection (LOD) is estimated to be
0.050 uM, based on signal-to-noise ratio of 3. Furthermore,
the detection performances of the developed electroanalysis
strategy are compared with those of the other electroanalysis

@ Springer
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methods for Cys reported previously, with the analysis results
summarized in Table 1. It can be seen that the developed N-
PC@Ag-MOF-modified electrodes could present better or
considerable determination capabilities than the current elec-
troanalysis methods for Cys in terms of the response
overpotential, detection linear range, and LOD. Therefore,
the developed electrochemical sensors may promise the sens-
ing analysis of Cys in various samples.

Herein, the so developed N-PC@Ag-MOF composites
are thought to play three kinds of main roles in the perfor-
mances of electrochemical detections. Firstly, N-PC@Ag-
MOF composites could present the high stability because
of the strong interaction between N atoms of N-PC and
Ag” ions of Ag-MOFs, which may enable the improved

reproducibility of Cys electroanalysis. Secondly, the N-
PC@Ag-MOF composites could enable the modified elec-
trodes to display the sharp and stable responses of solid-state
Ag/AgBr electrochemistry at a considerably low potential
approaching zero (i.e., 0.02 V). Thirdly, the selective detec-
tion of Cys could be realized through the specific bromine-
thiol replacement reactions that could transfer AgBr into
non-electroactive Ag-Cys products.

Real sample analysis
Rapid and efficient analytical methods for the detection of Cys

are significant in the analysis fields. Some reported methods
have determined the concentration of Cys in practical samples

Fig. 5 (a) Electrochemical LSV 12

< 8
responses to Cys of different <« 0 pM a w 3 b
concentrations in the phosphate w = 6 2
buffer solution (pH 7.0), 2 8 )
measured at a scan rate of = g” 4
100 mV/s. (b) The calibration = S Y 2= 0.00315X +1.658
curve for the relationship between E 4 2400 M © 2 R"=0.992
the changed currents of = = t
electrochemical LSVs at the 5 0 2o Y =0.0149 X + 0.380
potential of oxidation peak (i.e., E R%*=0.995
0.02 V) and the concentrations of ! : : &} T " T "
Cys. Scan rate: 100 mV/s 03 0.0 03 0.6 0 700 1400 2100 2800
Potential / V Concentration of CySH/ pkM
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Table 1 Comparison of the analytical results for Cys among different electroanalysis methods

Modifiers Techniques Overpotential (V) Linear ranges (1M) LOD (uM) References
Ag-PDA/ITO LSV 0.43 0.05-300 0.02 [30]
GR/CD/PY/SPE DPV 0.25 0.5-40, 40-170 0.12 [31]
SPE/PB-NH, Amperometry 0.87 100-500 72.0 [32]
CNF-M13 (6)% 0.40 20-1000 20.0 [33]
AuNPs/TrB/GCE Amperometry 0.40 5.0-270.0 0.0060 [34]

RGO/4 Amperometry 0.50 5.0-47, 82-200 - [35]
N-PC@Ag-MOF LSV 0.02 0.10-100, 100-1300 0.050 Present work

[11, 36-38]. To examine the applicability and feasibility of N-
PC@Ag-MOF-modified sensors, contents and recovery effi-
ciencies of Cys in three milk samples were determined. Milk
samples were diluted 100 times using phosphate buffer solu-
tion (pH 7.0). Table S1 summarizes the analytical results of
different Cys levels in the milk samples, in which the recovery
efficiencies were obtained ranging from 93.0 to 107.0%, indi-
cating that these modified sensors should have the potential
applications for the determination of Cys in real milk samples.

Conclusions

In summary, it was discovered that the electrodes modified
with N-PC@ Ag-MOF composites could display the sharp and
stable responses of solid-state AgBr electrochemistry at a near
zero potential. Also, the selective detection of Cys could be
realized through the transferring of AgBr into non-
electroactive Ag-Cys product because of the specific Br-SH
replacement reactions, which might aid to circumvent the dis-
advantage of the traditional electroanalysis methods at high
overpotentials, showing the more serious interferences from
the samples backgrounds. More importantly, the N-PC@ Ag-
MOF-modified sensors could be applied to determine Cys
quantitatively in milk samples with good recovery efficien-
cies. Therefore, the developed electrochemical sensor may
find extensive applications for the electroanalysis of Cys in
real samples. Yet, the analytical performances of the electro-
chemical sensors should be further improved with greater se-
lectivity and higher electrochemical responses in the future.
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