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A highly selective and sensitive electroanalysis strategy has been developed for sensing histamine (HTA)
and histidine (His) with “"turn-on” signal outputs using copper nanocomposites (Cu NCs) of reduced
copper metal-organic frameworks (Cu MOFs). It was discovered that the Cu NC-modified electrodes
could display the sharp and stable oxidation peaks of solid-state CuCl electrochemistry at a low potential
(about —0.10 V). More interestingly, once HTA or His was introduced, the peaking currents of the electro-
des would increase due to the specific interaction between Cu?* and imidazole groups of HTA or His. A
highly selective electroanalysis method was thereby developed for the detection of both HTA and His in
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the concentration range of 0.010-100 uM. Besides, the application feasibility of the developed electro-
analysis strategy was demonstrated for the evaluation of HTA and His separately in red wine and urine
samples. Such an electroanalysis candidate for HTA and His holds great potential for wide applications in
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Introduction

Nitrogenous biogenic amines, such as histamine (HTA), sper-
mine, tryptamine, tyramine, putrescine, cadaverine, phenyl-
ethylamine, and spermidine, which are derived from the dec-
arboxylase-catalyzed decarboxylation reactions of corres-
ponding amino acids, may be present in a variety of food pro-
ducts such as beer, red wine, milk, and fish."* In particular,
HTA as a metabolite of histidine (His) has been recognized to
be responsible for the frequent outbreaks of food poisoning
issues most known as scombroid poisoning,>” as HTA with
too high levels in the human body can lead to headache,
hypertension, and poisoning, and even threaten human
lives.®® Therefore, HTA detection is of great interest in the
food industry.” Moreover, His plays vital roles in many biologi-
cal systems, such as the control of transportation of some
metal ions such as Cu®>* ions'®*? and as a neurotransmitter in
the central nervous system."> The analysis of His in human
body fluids such as urine is of clinical importance for monitor-
ing human health and diagnosis of some diseases such as
“histidinemia” and metabolic disorders."**°
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the fields of food analysis and clinical disease diagnosis.

To date, a variety of analytical techniques have been
applied for probing HTA, typically high-performance liquid
chromatography,'”"® mass spectrometry,>*° capillary electro-
phoresis,”" spectrophotometry,®® colorimetry,>® and fluori-
metric methods.>® Most of these methods, however, may
suffer from some disadvantages such as expensive facilities,
tedious operation, and complicated sample pre-treatment.”®
Alternatively, electrochemical detection technologies, which
can present high detection sensitivity, easy operation, and por-
table devices suitable for on-site applications,”®*” have been
applied for the detection of HTA.>**! For example, Dong et al.
described an electrochemical strategy for sensing HTA using
Prussian blue-chitosan-gold nanocomposites.*® Reddy and co-
workers have designed a Cu@Pd-modified electrode for the
determination of HTA.>® Nevertheless, these current electroa-
nalysis methods may involve complicated electrode modifi-
cation and especially low analysis selectivity. In recent years,
some efforts have been devoted to the development of solid-
state electroanalysis strategies, which have been well recog-
nized to be advantageous over the most conventional analysis
strategies in terms of low redox potentials and high detection
selectivity and/or sensitivity.>®***® For example, Zhang et al.
reported an electroanalysis method for DNA using solid-state
Ag°/AgCl electrochemistry.®* A sensor has also been developed
in our group for the sensitive detection of Pb>* ions by way of
solid-state voltammetry of PbCl,.** In addition, recent years
have witnessed the rapid development of metal organic frame-
works (MOFs) widely applied in the adsorption, separation,
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storage, catalysis, and sensing analysis fields.>*>® As the most
common representatives with high porosity, copper MOFs
(Cu MOFs) have received special application interest, due to
their merits of a uniform configuration, superior catalytic
activity, and a large surface area.’”>*®

In the present work, Cu nanocomposites (Cu NCs) were
initially synthesized by alternatively using NaBH, to reduce Cu
MOFs for the electroanalysis of HTA and His. It was discovered
that the electrodes modified with Cu NCs could display a
sharp and stable oxidation peak at a low potential with solid-
state CuCl electrochemistry. More importantly, once HTA or
His was introduced, the peak currents would rationally
increase due to the strong interaction between Cu*" and imid-
azole groups of HTA or His. A highly selective and sensitive
“turn-on” electroanalysis strategy was thereby proposed for the
evaluation of HTA and His separately in red wine and urine.
To the best of our knowledge, this is the first report on the
electroanalysis of HTA and His with the “turn-on” signal
output based on solid-state CuCl electrochemistry at a desir-
ably low potential using Cu NCs of NaBH,-treated Cu MOFs.

Experimental section
Reagents

Copper nitrate (Cu(NOj3),) was purchased from Sinopharm
Chemical Reagent Co. (China). Phosphate buffer saline (PBS)
solution, glutathione (GSH), and 1,3,5-benzenetricarboxylic
acid (BTC) were obtained from Aladdin Reagent Co., Ltd.
(Shanghai, China). Nafion solution (5.0%), histidine (His),
lysine (Lys), cysteine (Cys), tyrosine (Tyr), histamine (HTA), tyr-
amine (Tym), and 1,4-butanediamine (DAB) were purchased
from Sigma-Aldrich (Beijing, China). All other reagents were of
analytical grade. Deionized water (>18 Mohm) was obtained
from an ultrapure water system (Pall, USA). All glass containers
were cleaned in turn with aqua regia and ultrapure water.

Apparatus

Scanning electron microscopy (SEM, Sigma 500 VP, Germany)
was utilized for the characterization of the prepared materials.
Electrochemical measurements were conducted with an
electrochemical workstation CHI 760D (CH Instrument,
Shanghai, China) connected to a personal computer. A three
electrode system was used consisting of a glassy electrode, a Pt
wire counter electrode, and an Ag/AgCl reference electrode.

Synthesis of Cu NCs

Cu MOFs were synthesized by a one-step solvothermal pro-
cedure using Cu(NO;), and a BTC ligand. Typically, an aliquot
of 60 mL Cu(NO;), (3.6 mM) and 60 mL BTC (8.1 mM) both in
ethanol were mixed by stirring for 10 min. The mixture of Cu
(NO3), and BTC was then transferred into an autoclave, and
the solvothermal reaction was carried out at 160 °C for 18 h.
After it was cooled down to room temperature naturally, the
reaction products were collected and centrifuged at 6000 rpm
for 10 min to be further washed twice using ethanol. The
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above centrifugation procedure was repeated three times for
purifying the Cu MOF products, which were subsequently dried
under vacuum for 12 h at 60 °C. Finally, the obtained Cu MOFs
were collected in 2 mL of deionized water for further use. Cu NCs
were obtained by dropping 2 mL of 2 mM NaBH, into the above
Cu MOF suspension and stirring for 2 h. After centrifugation and
washing, Cu NCs were collected and stored in the dark.

Electroanalysis of HTA or His using the Cu NC-modified
electrodes

The optimization of the main electroanalysis conditions of the
Cu NC-modified electrodes for sensing HTA and/or His was
conducted using different amounts of Cu NCs (0.50, 1.0, 2.0,
4.0, and 6.0 mg mL™"), pH values (1.0, 3.0, 5.0, 7.0, 9.0, 11,
and 13), ionic strengths (20, 40, 60, 80, 100, 120, 140, 160, and
180 mM NaCl), and response times (10, 20, 30, 40, 50, and 60
s). Furthermore, the control tests were conducted accordingly
with the Cu NC-modified electrodes separately for other kinds
of ions and biological molecules (100.0 pM), including Li",
Na“, K*, Ag”, NH,", Ca*, Mg**, Zn>", Pb**, Cd**, Hg*>", AI*",
cr’’, Au®’, §*7, His, Lys, Cys, Tyr, Gly, Ala, Phe, Glu, GSH, Tym,
and DAB. In addition, the detection reproducibility for the
HTA and/or His electroanalysis was evaluated using six Cu NC-
modified electrodes.

Under the optimized conditions, the Cu NC-modified elec-
trodes were applied for the electroanalysis of HTA and/or His
with different concentrations in buffer. Typically, an aliquot of
2.5 pL Cu NC suspensions (2.0 mg mL™") optimized in 5.0%
Nafion was dropped onto the glassy carbon electrodes for air
drying. Square wave voltammetry (SWV) was performed at
potentials ranging from —0.50 to 0.40 V at a scanning rate of
100 mV s~'. Moreover, an aliquot of HTA and/or His with
different concentrations (0-100.0 pM) was separately intro-
duced into the phosphate buffer (pH 7.0, containing 100 mM
NaCl) for the electrochemical SWV measurements. Subsequently,
according to the same procedure, the developed electroanalysis
method was employed for the evaluation of HTA and His with
different concentrations spiked in red wine and urine samples,
respectively. Herein, the red wine samples were prepared by
following a modified method reported previously." Briefly, an
aliquot of 5.0 mL red wine and 5.0% trichloroacetic acid were
added to centrifuge tubes followed by ultrasonic processing
for 20 min. The supernatant was isolated by centrifugation
and transferred to another tube. In the spike-in experiments,
these samples with different HTA concentrations were pre-
treated by the above procedures. Besides, a baseline correction
of the resulting voltammograms was conducted with the CHI
software. The current changes refer to the differences of current
responses between the Cu NC-modified electrodes before and
after adding HTA and/or His of different concentrations.

It is noteworthy that all of the error bars represent the rela-
tive standard deviations (RSDs) of five quantitative results.

Collection of urine samples

The urine samples were provided by the University Hospital at
Qufu Normal University, and were collected from healthy volun-
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teers with informed consent. All the experiments were performed
in compliance with the Ethical Committee Approval of China,
and approved by the ethics committee of Qufu Normal University.

Results and discussion

Synthesis and characterization of Cu NCs for HTA or His
electroanalysis

Cu NCs were fabricated by using NaBH, to reduce Cu MOFs to
be further modified onto the electrodes for the electroanalysis
of HTA or His based on solid-state CuCl electrochemistry with
“turn-on” signals, by which the background signals would be
experimentally deducted. The main sensing principle and
detection procedure are illustrated in Scheme 1, in which the
Cu NC-modified electrodes display the electrochemical
responses in turn to Cl~ ions and then HTA or His, showing
the rationally increasing CuCl oxidation currents. It is note-
worthy that the Cu®* state in Cu MOFs might be reduced by
NaBH, to yield the metallic Cu® state in Cu NCs,** which
would be oxidized to the Cu" state on the Cu NC-modified elec-
trodes during electrochemical scanning.?’ The resulting Cu®
state would further interact with Cl~ ions in solution to form
non-conductive CuCl on the electrodes. Thus, the procedures
of solid-state CuCl electrochemistry in the buffer containing
Cl” ions are as follows:

Cu’ (solid) — Cu™ (solid) + e~ (1)
Cu™ (solid) + CI~ (solution) = CuCl (solid) (2)
CuCl (solid) + CI~ (solution) = CuCl, (solution) + e~ (

3)
CuCl, (solution) + e~ CuCl (solid) 4+ Cl~ (solution)  (4)

In a whole repetitive electrochemical process, herein, the
Cu® state in the Cu NCs modified on the electrodes could be
electrochemically oxidized to the Cu" state, which would react
with CI™ ions in solution to form CuCl solid on the electrodes.
Moreover, the CuCl solid would be electrochemically oxidized
to yield CuCl,, which would be further reduced to CuCl in the
reverse cathodic potential cycle. Furthermore, once HTA or His
is introduced, it would convert CuCl into a Cu-HTA or His
complex because of the stronger interaction between Cu>* and
the imidazole groups of HTA or His. For example, the Cu-His

NaBH, %Coating I cr

Scheme 1 Schematic illustration of the preparation procedure of
NaBH,-treated Cu MOFs and electroanalytic sensing procedure with the
step-by-step setup of the electrodes modified with Cu NCs for Cl™ ions
and then HTA with the electrochemical signal outputs, showing the
corresponding SEM images of the resulting products (top).

00 03
Potential / V
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Fig. 1 Characteristic SEM images of Cu MOFs (A) before and (B) after
the treatment of NaBH, to yield Cu NCs; the Cu NCs after reacting first
with (C) Cl™ ions and then with (D) HTA.

interaction can form the product with the complexation con-
stant of K¢y pis = 1.0 x 10"%".*! As a result, the original non-
conductive CuCl layers on the electrodes should be dissolved,
so that the peaking oxidation currents of solid-state CuCl
electrochemistry would increase,®® which might also be evi-
denced by the various morphological structures of the corres-
ponding products on the electrodes as revealed by their SEM
images (top). A signal-“turn-on” electroanalysis strategy could
be thereby expected for the analysis of HTA and/or His.

Fig. 1 shows the detailed SEM images for Cu MOFs before
and after being reduced by NaBH,. As expected, the prepared
Cu MOFs could display a well-defined octahedral structure
(Fig. 1A). After the NaBH, reduction reactions, their structure
could be collapsed with the surfaces full of some particle-like
precipitates (Fig. 1B), in which the Cu®" state would be
reduced into the metallic Cu® state. Moreover, the Cu® state
would be electrochemically oxidized to yield the Cu' state,
which would react with ClI” ions in solution resulting in
increased blocky precipitates (Fig. 1C), which might be
ascribed to CuCl precipitation through CI™-Cu" interactions
on the Cu NCs of NaBH,-treated Cu MOFs. When HTA was
added further, to our surprise, the products would exhibit
their smooth surfaces yet with a fluffy structure (Fig. 1D), as
more clearly witnessed in the amplified view (insert), on which
the blocky CuCl precipitates might be dissolved because of the
strong Cu-HTA interactions. The data of SEM images appar-
ently demonstrate the changing structures of NaBH,-treated
Cu MOFs during the interactions first with Cl™ ions and then
with HTA, thus promising the electroanalysis of HTA and/or
His through the signal output of rationally increasing oxi-
dation currents of solid-state CuCl electrochemistry.

Electrochemical sensing properties of the Cu NC-modified
electrodes

The Cu NC-modified electrodes were employed for the electro-
analysis of HTA as an example through solid-state CuCl
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Fig. 2 Comparison of electrochemical (A) CV and (B) SWV responses of
Cu NC-modified electrodes to blank (black), HTA (no Cl™ ions, red), Cl™
jons (blue), and then HTA (green) at a sweep rate of 100 mV s,

electrochemistry (Fig. 2). Fig. 2A describes the responses of
cyclic voltammetry (CV) of the developed electrodes when
adding Cl™ ions and then HTA in turn. It was noted that the
as-prepared electrodes could display the reversible CV process
of Cu redox peaks in the buffer without CI™ ions. A large Cu
reduction peak could be obtained at a potential of about —0.25
V. Yet, when CI™ ions at high levels (i.e., 100 mM) were intro-
duced, the Cu NC-modified electrode could display the sharp
oxidation peak of solid-state CuCl at about —0.10 V. More
importantly, the current response to HTA in the presence of
Cl” ions could be much larger than that in the absence of CI™
ions. Such a phenomenon could also be witnessed for the
responses of square wave voltammetry (SWV) to HTA with and
without the addition of CI™ ions (Fig. 2B). Notably, this low
peak potential of CuCl electrochemistry (i.e., —0.10 V) would
aid in circumventing the possible interference from other elec-
troactive substances in media especially those with the over-
lapped voltammetric signatures. What’s more, a larger “turn-
on” response to HTA could be expected for the Cu NC-modi-
fied electrodes with the signal output of solid-state CuCl
electrochemistry, thus promising highly selective and sensitive
HTA electroanalysis.

Optimization of the electroanalysis conditions

The analysis conditions of the Cu NC-modified electrodes in
sensing HTA as an example were optimized, mainly including
the Cu NC dosages, pH values, CI~ (NaCl) concentrations, and
response time (Fig. 3). The results indicate that the HTA-
induced current changes can increase with increasing Cu NC
dosages till 2.0 mg mL™", over which the signals would gradu-
ally decrease (Fig. 3A). This phenomenon might presumably
be attributed to the fact that much denser Cu NC modifiers
might be stacked onto the electrode surfaces, leading to the
decrease in the conductivity. Accordingly, 2.0 mg mL™" of Cu
NCs were thought to be the optimal amount in the experi-
ments. Fig. 3B shows that pH values could influence the CuCl
signals. Obviously, the highest peak currents of CuCl oxidation
could be obtained at pH 7.0, which should be selected as the
most suitable one. Meanwhile, as clearly disclosed in Fig. 3C,
the peak currents could increase with the Cl” concentration
increasing up to 100.0 mM, over which the currents could
gradually decrease. Accordingly, 100.0 mM CI~ was chosen as
optimal for sensing HTA. Fig. 3D exhibits the response time of
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Fig. 3 Electrochemical HTA responses of Cu NC-modified electrodes
depending on (A) the Cu NC concentrations, (B) different pH values
(1.0-13), (C) ionic strengths at different NaCl concentrations
(20-180 mM), and (D) response time in sensing HTA (100 pM).

the Cu NC-modified electrodes, revealing that the HTA
response could be completed within 40 s.

Investigations on the electroanalysis selectivity

The electroanalysis selectivity of the Cu NC-modified electro-
des were explored for HTA or His, in comparison with that for
some common ions and small molecules or amino acids,
which may possibly co-exist in samples such as urine or red
wine (Fig. 4). To our surprise, the other kinds of tested ana-
Iytes alone could present the negligibly decreased responses,
except for lysine (Lys) (Fig. 4A). Yet, Lys might display a notice-
able response that is four times lower than that of HTA or His
at the same concentration (Fig. 4A, inset). Also, the Cu NC-
modified electrodes could measure HTA when separately
mixed with these possibly interfering substances (Fig. 4B).
Accordingly, the developed electroanalysis method can present
high selectivity for probing HTA or His in some complicated
samples such as urine or red wine. Moreover, electrochemical
investigations were carried out on the storage stability of Cu
NCs used in the HTA or His electroanalysis (Fig. 5A). As
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Fig. 4 Selective electrochemical responses of the Cu NC-modified
electrode separately to (A) different interfering analytes indicated (inset:
comparison of current changes among HTA, His, Lys, and Cys)
(100.0 pM), and (B) those interfering analytes mixed separately with HTA
with the same concentration.
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Fig. 5 (A) The storage stability of the prepared Cu NCs stored in the
dark for different time intervals indicated before being modified onto
the electrodes. (B) The electroanalysis reproducibility for sensing HTA
(100 pM) using the Cu NC-modified electrodes.

expected, no significant change of HTA or His responses was
monitored using the electrodes modified with Cu NCs that
were stored even up to 12 months. Besides, the detection
reproducibility of the developed electroanalysis was evaluated
in sensing HTA or His, showing a statistic standard deviation
of 4.2% for the results obtained using six Cu NC modified elec-
trodes (Fig. 5B). The data indicate that the developed electro-
chemical HTA or His sensor could present pretty high detec-
tion selectivity and reproducibility, in addition to the long-
term storage stability of Cu NCs.

Electroanalysis of HTA or His in samples

Under the optimized conditions, the developed electroanalysis
method with NaBH,-treated Cu MOFs was applied for separ-
ately sensing HTA and His with different concentrations in
buffer (Fig. 6). It was discovered that the current responses of
the developed electrodes would increase with the increase in
HTA concentrations (Fig. 6A). A linear relationship was thus
obtained for the electrochemical responses versus the HTA con-
centrations ranging from 0.010 to 100 pM (Fig. 6B), with a
limit of detection (LOD) of about 2.5 nM, estimated by the 3¢
rule. Also, the electroanalysis of His was conducted showing
basically the same linear range and LOD (Fig. 6C). Moreover,
linear relationships were obtained for the electrochemical
responses versus the concentrations of HTA mixed with His
([HTA/His]) in buffer ranging from 0.050 to 80 pM (Fig. 6D). In
addition, the detection performances of the developed strategy
for sensing HTA as an example were compared with those of
the current detection methods reported previously, with the
results summarized in Table S1.f One can note that the devel-
oped electroanalysis method can present better or comparable
detection performances in terms of the detection ranges and
LODs.

Subsequently, the application feasibility was investigated by
employing the developed electroanalysis method to probe HTA
and His separately in red wine and urine samples,
both showing recoveries ranging from about 91 to 98.3%
(Table S27). The above results indicate that the developed elec-
troanalysis platform with Cu NCs of NaBH,-treated Cu MOFs
can allow for the sensitive detection of HTA or His in compli-
cated samples such as red wine and urine.
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Conclusion

In summary, a highly selective and sensitive “turn-on” electro-
analysis method has been successfully developed for sensing
HTA and His separately in red wine and urine based on solid-
state CuCl electrochemistry. The so-developed electroanalysis
strategy can possess some outstanding advantages in compari-
son with the current analysis methods for sensing HTA or His.
First, the Cu NC-modified electrodes could present responses
to HTA and His with the “turn-on” signal outputs, which may
help achieve highly selective detection of HTA and His in com-
plicated media. Second, solid-state CuCl electrochemistry can
ensure sharp and large current responses to HTA or His at a
considerably low potential (i.e., —0.10 V), so as to avoid the
interference from electroactive substances possibly co-existing
in the sample backgrounds. Third, high detection reproduci-
bility can be expected for sensing HTA and His by using Cu
NCs of NaBH,-treated Cu MOFs with long-term stability.
Finally, this electrochemical sensor can allow for the highly
selective and sensitive evaluation of HTA and His separately in
complicated red wine and urine samples, and its analysis per-
formances can be better or comparable to those of the detec-
tion methods previously reported. Therefore, such an electroa-
nalysis method can be promising for practical applications in
the evaluation of HTA or His at trace levels in complicated
media for food analysis and the early warning or diagnosis of
some serious diseases.
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