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A wettable well was fabricated on an electrode, which was further

modified with carbon quantum dot-scaffolded nanocomposites of

melamine and copper for probing histidine through a unique dis-

placement reaction route. The developed electrode with wettable

well enables the condensing enrichment of analytes from the

sample droplets, improving the electroanalytical sensitivity.

L-Histidine (His) plays a crucial role in biological systems, for
example, in the control of metal transportation1 as His can
strongly bind with some metal ions such as Cu2+ ions.2,3 Also,
it can serve as a vital neurotransmitter or a neuromodulator in
the mammalian central nervous system.4 Very high His levels
may cause stress and psychological disorders such as anxiety,
schizophrenia, and thrombotic disorders, whereas very low
His levels may induce some diseases such as rheumatoid
arthritis, nerve deafness, liver cirrhosis, and pulmonary
disease.5,6 Moreover, the non-invasive analysis of His as the
metabolites in human urine is preferred, since it may have
higher concentration in urine than in blood.5 In particular,
the urinary indicator of His is of clinical importance for moni-
toring human health, especially some serious diseases like
metabolism disorders and “histidinemia”.5–7

Over the past decades, a variety of analytical techniques
have been applied for probing His in human body fluids and
metabolites such as urine, with the help of high-performance
liquid chromatography,8,9 capillary electrophoresis,10,11 fluori-
metry,7 spectrophotometry,12 and colorimetry.5 However, these

methods may involve either the utilization of bulky and expen-
sive facilities or the tedious operation and complicated sample
pre-treatment procedures.13 Alternatively, the electrochemical
analysis methods with outstanding merits such as high sensi-
tivity, easy operability, and portability of devices have been
applied for the determination of His in recent years.13,14 For
example, Liang et al. have reported the electrochemical detec-
tion of His based on the structure-switching DNAzymes and
gold-graphene composites.14 Since most of the target metab-
olites may have considerably low levels in urine at the early
stages of many diseases, the enrichment of the targets (i.e.,
His) in the samples is highly desired prior to their detection.
As an efficient route, the design of sensing platforms with
super-hydrophobic surfaces, which elsewhere are usually
applied for the anti-fouling, oil–water separation, and self-
cleaning,15,16 have recently been employed to achieve the
enrichment of some biomarkers from the samples.17 For
example, Wang et al. developed a sensitive sensing platform by
spotting wells onto the super-hydrophobic substrates for the
improved enrichment and detection of nucleic acids. Due to
this, the contact area of a sample droplet on the superhydro-
phobic surface can be favourably minimized, which is known
as the “wettability”.18,19 The wettable testing area can allow the
targets to be condensed from the droplet to provide improved
analytical sensitivity.17

In this study, a wettable well was fabricated for the first
time on a gold electrode, which was further modified with gra-
phene quantum dot (GQD)-scaffolded nanocomposites of mel-
amine (MA) and copper (GQD@MA–Cu) for the electroanalysis
of His through the output of solid-state CuCl electrochemistry.
Scheme 1A illustrates the fabrication process of a wettable well
electrode. Polyacrylic acid (PAA) was first spotted on the
sensing area of the electrode to produce the testing dot, and
was then patterned with hydrophobic hexadecyltrimethoxy-
silane. Furthermore, the PAA-coated testing dot was etched with
NaOH to yield a hydrophilic well on the electrode. It was noted
that the resulting interface of the electrode could display the
various hydrophilic–hydrophobic properties, as revealed by the
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changing contact angles (CAs), of which the resulting well elec-
trode could obtain the hydrophobic pattern (CA of 129.5°) and
the hydrophilic well (CA of 53.9°) featuring the wettability.20–22

As illustrated in Scheme 1B, the targets (Cl− or His) could be
condensed from the sample droplets and adsorbed on the
modified electrode, thus achieving greatly amplified electro-
chemical signals for more sensitive detections. Such a conden-
sing-enrichment mechanism has also been described in litera-
ture.17,23 Accordingly, the sensing signals of the as-prepared
electrodes with wettable GQD@MA–Cu wells could be thus
amplified towards the sensitive His detection.

Scheme 2 manifests the sensing procedure of the wettable
well electrode modified with the GQD@MA–Cu nanorods for
the His electroanalysis, which is based on the displacement
reaction route and solid-state CuCl electrochemistry. Herein,
the GQD@MA–Cu nanocomposites were synthesized initially
through the supramolecular self-assembly route using conduc-
tive graphene quantum dot (GQD) as the hollow scaffolds.
GQD, as a newly-emerged carbon nanomaterial, consists of
multi-layer graphene and different types of carbon allotropes
with a high proportion of folded edges and surface defects,

which promise high sensitivity for sensing applications.24,25

Notably, the GQD scaffolds can interact with some polymers
with conjugated structures such as MA through the strong
non-covalent interactions such as the π–π stacking.26

Furthermore, MA with three amino groups and three aromatic
nitrogen atoms can be readily polymerized to act as the adsor-
bents for some metal ions including Cu2+ ions.27,28 Herein, it
would serve as the reductant and the chelating agent for Cu2+

ions to yield the MA–Cu nanorods scaffolded by hollow GQD.
The changing morphological features of the yielded products
on the electrode were monitored by the scanning electron
microscopy (SEM) images (top, Scheme 2). It was noted that
the GQD@MA–Cu nanocomposites could display the well-
defined nanorod-like structure. Once Cl− ions were introduced,
they could be broken down to produce large aggregated
blocks, presumably due to the formation of CuCl precipitate
through the interaction between Cl− ions and Cu+ ions in
GQD@MA–Cu nanorods. More interestingly, block-type
agglomerates could be largely obtained after the addition of
His. In this case, His with three coordination sites (i.e., amino
nitrogen, imidazole, and carboxylate oxygen) can form stron-
ger interactions with copper ions, which can form extremely
stable complexes (log K = 18.1).29 Accordingly, an electro-
chemical process can take place on the electrodes modified
with GQD@MA–Cu nanorods, involving the Cu redox chem-
istry as follows:

MA–Cuþ ðsolidÞ þ Cl�ðsolutionÞ (+ CuCl ðsolidÞ ð1Þ

CuCl ðsolidÞ þ Cl�ðsolutionÞ (+ CuCl2 ðsolutionÞ þ e� ð2Þ

CuCl2 ðsolutionÞ þ e�(+ CuCl ðsolidÞ þ Cl�ðsolutionÞ ð3Þ
Herein, following a repetitive electrochemical process, Cu+

in MA–Cu would first react with Cl− ion in the solution to
form the CuCl solid. Further, the CuCl solid would be electro-
chemically oxidized to yield CuCl2, which would be further
reduced to CuCl in the reverse cathodic potential cycle. A dis-
placement reaction between chloride and His would be trig-
gered to induce the conversion of CuCl to the Cu–His complex,
thus showing a rational decrease in the CuCl signals.
Importantly, such a displacement reaction route may ensure
improved His sensitivity, in contrast to most of the direct
electrochemical responses to the analytes.13,14 Besides, the
developed GQD@MA–Cu-modified well electrode can enable
the His electroanalysis through the solid-state CuCl electro-
chemistry at a favorably low potential of about 0.20 V, which
may aid in avoiding the interferences from other electroactive
substances co-existing in the complicated biological media
such as urine.

The GQD@MA–Cu products were analyzed by X-ray photo-
electron spectroscopy (XPS) (Fig. S1, ESI†). One can observe
that GQD@MA−Cu nanorods with Cl− ions could include the
key elements of C, N, O, Cl, and Cu (Fig. S1A–E†). In particular,
Fig. S1F† reveals that the peak-fit profile of Cu 2p3/2 at 932.9
eV is composed of a series of satellites of Cu+ and Cu2+

elements, in which, peak 1 belongs to Cu+ and peak 2, 3, and 4

Scheme 1 Schematic illustration of (A) the fabrication process of a wet-
table well on the gold electrode including PAA spotting, HDS patterning,
and NaOH etching, with the changing interface wettabilities manifested
by CAs. (B) The enrichment procedure of the well electrode modified
with GQD@MA–Cu nanocomposites for the condensation and adsorp-
tion of targets (Cl− or His) from the sample droplet.

Scheme 2 The electroanalytical sensing procedure of the GQD@MA–
Cu-modified well electrode for Cl− ions and then His with the electro-
chemical signal outputs, showing the corresponding SEM images of the
resulting products (top).
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refer to the Cu2+ states.30 The main conditions for the syn-
thesis of GQD@MA–Cu nanocomposites were optimized; the
most suitable MA-to-Cu ratio of 1/2 and GQD of 1.0 mg mL−1

was selected (Fig. S2, ESI†). Fig. S3A† exhibits the UV-Vis spectra
of the as-prepared GQD@MA–Cu nanocomposites in compari-
son to the characteristic absorbances of Cu2+ ions, MA, and
MA–Cu nanocomposites without GQD. One can see that the
GQD@MA–Cu nanorods show no significant absorbance peak
of copper ions (i.e., around 300 nm), thus confirming the for-
mation of GQD@MA–Cu nanocomposites by the supramolecu-
lar self-assembly route. Moreover, Fig. S3B† illustrates the com-
parison of the surface charge properties of the electrodes
modified with GQD@MA–Cu and MA–Cu nanocomposites
using K3[Fe(CN)6] as the electrochemical probe.31 As expected,
the GQD@MA–Cu-modified well electrode could display much
larger current responses than the one without GQD, indicating
that GQD could boost the transfer of surface charges of the
modified electrode. Also, the larger decrease in current caused
by targeting His could be obtained by using the GQD@MA–
Cu-modified well electrode. Moreover, Fig. S4A† shows that the
peak currents of the developed well electrode could increase
linearly with the scan rates ranging from 50 to 300 mV s−1.
The results validate that the CuCl oxidation reaction on the
GQD@MA–Cu-modified well electrode is a surface-controlled
process. In addition, the electrochemical sensing stability of
the GQD@MA–Cu-modified well electrode was evaluated by
the continuous CV scanning for 100 cycles (Fig. S4B†). It was
found that the GQD@MA–Cu-modified well electrodes could
maintain consistent CV responses, thus demonstrating a high
sensing stability.

A comparison of linear sweep voltammetry (LSV) responses
of Cl− ions and His was carried out between the GQD@MA–
Cu-modified electrodes with and without the well (Fig. 1A).
One can observe that the developed well electrode could
present much higher Cl− response than the one without the
well. More importantly, greater current response to His could
be obtained for the well electrode, which is over two times
larger than that of the one without the well. The data confirm
that the GQD@MA–Cu-modified well electrodes can achieve
drastically improved responses to His, demonstrating that the

as-created wettable well could conduct the condensing enrich-
ment for the targeted analytes (i.e., His) from the sample
droplet. Moreover, Fig. 1B reflects the comparison between the
electrochemical His responses of the developed electrodes in
the absence and presence of Cl− ions. It was found that the
introduction of Cl− ions could endow the developed well elec-
trode with a larger peak current of CuCl oxidation at a lower
potential of about 0.20 V (curve c), in contrast to the one in
absence of Cl− ions showing a Cu oxidation peak at about 0.42
V (curve a). Herein, their current responses to His in the pres-
ence of Cl− ions (curve d) could display a large difference at
0.20 V of the Cu/CuCl signal. In contrast, no significant
change was observed at 0.42 V of copper oxidation in the
absence of Cl− ions (curve b), i.e., a rational decrease in the
solid-state CuCl signal could be specifically caused by His
because of the stronger Cu–His interaction with a larger
affinity constant (log KHis–Cu = 18.1), thus achieving selective
His electroanalysis. Also, the lower peak potential of CuCl
electrochemistry (i.e., 0.20 V) could be expected to circumvent
the possible interferences from other electroactive back-
grounds with the overlapped voltammetric signatures. In par-
ticular, His could induce a larger decrease in the CuCl current
signals of the GQD@MA–Cu-modified well electrode (curve d),
thus promising a highly selective and sensitive His
electroanalysis.

Fig. 2 discloses the sensing selectivity of the GQD@MA–Cu-
modified well electrode for the electroanalysis of His, in com-
parison to some other ions, small molecules, and amino acids
possibly co-existing in urine. One can note that all of the
tested analytes alone present negligible responses, except for
cysteine (Cys) and lysine (Lys) (Fig. 2A), which display notice-

Fig. 1 (A) Comparison of the electrochemical responses between the
GQD@MA–Cu-modified electrodes (a) with and (c) without a well when
adding Cl− ions, and then (b) and (d) adding His, respectively. (B)
Comparison of characteristic electrochemical LSVs between GQD@MA–
Cu-modified well electrodes in the (a) absence and (c) presence of Cl−

ions, with (b) and (d) the corresponding responses to His, respectively.

Fig. 2 Selective electrochemical responses of the GQD@MA–Cu-
modified well electrode to (A) different interferents indicated alone, and
(B) the interferents mixed separately with His with the same concen-
tration (50.0 μM). The calibration curves of the relationships between
the current responses and different concentrations of His in (C) buffer
(inset: the electrochemical LSV responses to His at different concen-
trations) and (D) spiked in urine samples.

Communication Nanoscale

2128 | Nanoscale, 2019, 11, 2126–2130 This journal is © The Royal Society of Chemistry 2019



able responses that are two-times lower than that of His at the
same concentration. Furthermore, when these tested sub-
stances were separately mixed with His, no significant effect
on the His responses was observed (Fig. 2B). Herein, the
strong Cu–His interactions could induce the specific Cu–Cl
displacement reactions to trigger the conversion of CuCl into
the Cu–His complex, thereby leading to a rational decrease in
the CuCl signals. Importantly, the displacement reaction
endows the His electroanalysis with improved detection
selectivity.

Therefore, the developed electroanalytical method can
selectively probe His in the complicated biological samples
such as urine. Moreover, the main conditions of the
GQD@MA–Cu-modified well electrodes for the electroanalysis
of His were investigated (Fig. S5, ESI†). The optimal probe
dosage of 5.4 mg mL−1 GQD@MA–Cu nanorods, pH 7.0, and
80 mM NaCl were chosen. Also, the detection reproducibility
of the His electroanalysis method was evaluated using six
GQD@MA–Cu-modified well electrodes, showing exceptionally
high sensing reproducibility.

Under the optimized conditions, the developed GQD@MA–
Cu-modified well electrodes were applied for the electroanaly-
sis of different concentrations of His separately in buffer and
urine samples (Fig. 2). It was discovered that the current
responses of the developed electrodes would decrease with the
increasing His concentrations (Fig. 2C, inset). A linear relation-
ship was thus obtained for the electrochemical responses
versus the log [His] ranging from 0.10 pM to 70.0 µM (Fig. 2C),
with the limit of detection (LOD) of about 0.025 pM, estimated
by the 3σ rule. Furthermore, the practical application of the
developed electroanalytical method was performed by probing
different concentrations of His spiked in urine samples
(Fig. 2D). The results indicate that His in urine can be detected
with the concentrations ranging from 0.50 pM to 50.0 µM,
with the LOD of about 0.125 pM.

Additionally, the detection performances of the developed
electroanalytical strategy were compared with those of other
kinds of detection methods for His reported previously, with
the analysis results summarized in Table S1.† One can note
that the electroanalytical method developed by us can present
better detection performance in terms of detection ranges and
LODs.

Therefore, the developed electroanalytical strategy may
promise improved clinical applications for the highly sensitive
and selective sensing of His in various samples such as urine.

In summary, a wettable well electrode was successfully fab-
ricated for the first time for the sensitive and selective electro-
analysis of His in urine, based on the displacement reaction
route and the solid-state CuCl electrochemistry. Herein, robust
electrochemical probes of GQD@MA–Cu nanorods were
initially synthesized by the supramolecular self-assembly route
using conductive hollow GQD scaffolds. Compared to the tra-
ditional electroanalytical methods with copper nanomaterials,
the developed GQD@MA–Cu-modified well electrodes could
obtain a stable output of solid-state CuCl electrochemistry at a
desirably low potential (0.20 V), which may avoid the possible

interferences from electroactive substances co-existing in the
complicated biological media like urine. Moreover, the detec-
tion of His was realized through the specific and strong Cu–
His interaction to trigger the displacement of Cl− in CuCl to
give the Cu–His complex. In contrast to most of the direct
electrochemical responses to analytes, this displacement reac-
tion route could achieve improved sensitivity. More impor-
tantly, the well created on the electrode can feature the wett-
ability, which can conduct the condensing enrichment of ana-
lytes (i.e., His) from the sample droplet, so as to achieve
increased detection sensitivity. The developed electroanalytical
strategy was subsequently applied for the fast evaluation of His
in urine samples with sufficiently high sensitivity and selecti-
vity, which are comparably better than those of the current
detection methods for His. Therefore, the developed electro-
analytical method with the portable sensing device may find
field-deployable applications for probing the low-level His in
various biological media (i.e., blood and urine) for the early
warning or diagnosis of serious diseases. In addition, the pro-
posed fabrication protocol for constructing a wettable well on
the electrode would open a new door towards the large-scale
design of a variety of electrode arrays with the wettability
feature for the condensing enrichment of analytes, which can
promise high throughput and sensitive biological analysis.
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