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Developing simple, highly sensitive and selective sensing systems for histidine (His) is important due to its biological
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significance. In this report, cu® ions serving as the oxidase mimic towards O-phenylenediamine (OPD) was in detail

investigated. Experimental results revealed that the oxidase-like activity of cu® ions is substantially higher than that of

Cu/CuO nanoparticles. On the basis of these findings, a simple, highly sensitive and selective PL sensing platform for His

could be developed, with a limit of detection (LOD) as low as 0.33 uM. Furthermore, the experiments of His recovery in

human urine samples were successfully conducted by employing the established sensing system with satisfactory results.

Introduction

Histidine (His) is one of natural a-amino acids, which acts as an
important constituent of proteins. His containing an imida-
zole moiety can function as a neurotransmitter and a
regulator of metal transmission in the biological systems.1
Deficiency of His results in the impaired nutritional state in
patients with chronic kidney disease.’ Therefore, developing
highly selective and sensitive methods for detecting His is of
importance due to its biological significance. Until now, a
number of approaches have been developed for the detection
of His, including high-performance liquid chromatography,

electrochemistry, UV-vis absorption spectra,
photoluminescence (PL) spet:tra.g"14 In particular, constructing
PL based sensors have recently attracted considerable

attentions due to the high sensitivity of PL spectrometry. Most
of these reported investigations of probing His focused on
metal-complexes,ls'17 particularly Cu2+-complexes,18'22 as
chemosensing ensembles, which could promise a high
selectivity towards His. However, the procedures of preparing
metal-complexes in general are tedious, time-consuming and
troublesome, and employed organic solvents are
environmentally unfriendly. Therefore, it is of importance to
develop a novel, simple, highly sensitive and selective PL
sensor for His.

Artificial enzyme mimics have recently become a very
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important and exciting branch of biomimetic chemistry,23‘ 2

since that, (1) they can serve as highly stable and low-cost
alternatives to natural enzymes; (2) quite a number of artificial
enzyme mimics have been found and prepared. Therefore, a
wide range of applications of artificial enzyme mimics have
been explored.zs'29 In particular, numerous nanomaterials
have been developed for serving as artificial enzyme mimics
with oxidase-, peroxidase- and catalase-like activity,go'36 which
were widely employed in the field of chemo-/biosensing by
means of PL or UV-vis absorption spectra for the detection of a
series of targets including metal ions, anions, toxic substance
and biomolecules. Recently, we found that Fe** ions possess
much higher peroxidase-like activity than that of Fe30,
magnetic nanoparticles.37 Therefore, as the counterpart of Fe®
ions, are cu® ions having similar peroxidase-like or oxidase-
like activity? However, to the best of our knowledge, such
investigation is lack at present. Furthermore, it should be
noted that, although several Cu2+-complexes have been
employed as PL sensors for His based on the displacement
mechanism, developing the sensing system for His, relying on
the catalytic reaction of artificial enzyme mimics, has not been
reported so far.

Herein, we employed Cu’ ions as the oxidase mimic for
catalysing the oxidation of O-phenylenediamine (OPD) to form
a photoluminescent compound. The oxidase-like activity of
cu®* jons was found to be higher than that of Cu/CuO
nanoparticles. Introducing a certain amount of His could
significantly suppress the oxidation reaction of OPD catalysed
by Cu* ions, due to the specific strong interaction between His
and cu®* ions (Scheme 1). Good linear relationship between PL
intensity and His concentration could be established, and a
limit of detection (LOD) was calculated to be sub uM level.
High selectivity has also been revealed by performing control
experiments of other 19 natural a-amino acids, although
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cysteine showed somewhat interference due to it bearing one
thiol group with strong binding capacity towards most of
transition heavy metal ions. The experiments of His recovery
in human urine samples were further performed by employing
the established sensing system, and satisfactory results could
be obtained.
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Catalytic reaction

Scheme 1 The catalytic sensing mechanism of the OPD-Cu®* sensing system
for His.

Experimental Section

Materials and Instruments

Materials. OPD (98.5%, AR), HOAc (99.5%, AR), NaOAc (99%,
AR), Cu(CH3C0OO0),.H,0 (99%, AR), HCl (36%-38%, AR),
Tris(hydroxymethyl) aminomethane (Tris, BR), acetonitrile
(99%, AR), ascorbic acid, and other inorganic salts were
purchased from Guo Yao (Shanghai, China). 3, 3’, 5, 5'-
tetramethyl benzidine (TMB, 99%), amino acids (L-form), and
other biomolecules were purchased from Sigma-Aldrich. p-
Acetoamidophenol was obtained from Aladin. All chemicals
were used in the experiments without further purification. All
solutions were prepared with ultrapure water purified by a
Milli-Q system.

Instruments. PL spectra were recorded by a F-4600
Fluorescence spectrophotometer. Transmission electron
microscopy (TEM) experiments were done on a HITACHI H-
7650 system. The Cu content of the CuO nanoparticles
solution was obtained wusing a Thermo ELECTRON
CORPORATION M6. X-Ray power diffractions (XRD) were
performed on Panalytical X'pert PRO diffractometer equipped
with Cu ka radiation (A=1.5418A).

Procedures

Measurements of oxidase-like Activity. To investigate the
oxidase-like activity of cu* ions, the catalytic oxidation of OPD
was carried out in the 50 mM Tris-HCl buffer solution of pH 7.4
containing 15% acetonitrile (by volume). In a typical
experiment, 100 uL 5 mM OPD and 10 uL 50 uM cu** ions
solutions were added into 890 uL 50 mM Tris-HCl buffer
solution of pH 7.4 containing 15 % acetonitrile (by volume).
Then, the mixed solution reacted at 65 °C for 1 h. After the
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resulting solution was cooled to room temperature, the
measurements of PL spectra were conducted by a F-4600
Fluorescence  spectrophotometer with an
wavelength at 415 nm. To investigate the effects of reaction

excitation

time, pH, temperature, OPD concentration, cu* ions
concentration and the volume ratio of acetonitrile in the
buffer solution (v/v, %), PL intensity at 564 nm was measured
when reaction time was changed from 10 min to 90 min, pH
was adjusted from 4.8 to 8.5, the temperature was varied from
25 °C to 80 °C, OPD concentration was varied from 0.1 mM to
3 mM, cu®* ions concentration was changed from 0.05 uM to 5
uM, and the volume ratio of acetonitrile in the buffer solution
was varied from 5 % to 30 %, respectively. Error bars were
obtained by measuring three parallel solutions.

Sensing His. For sensing His, firstly, a certain amount of cu*
ions solution and a certain amount of His stock solution were
mixed for 10 min (the results of relationship between the
interaction time and PL intensity at 564 nm of the sensing
system was shown as in Fig. S1), then, the mixed solution was
introduced into 50 mM Tris-HCI| buffer solution of pH 7.4
containing 15 % acetonitrile (by volume) and 0.5 mM OPD.
The resulting solution reacted at 65 °C for 1 h. After the
resulting solution was cooled to room temperature,
measurements of PL spectra were conducted by a F-4600
Fluorescence spectrophotometer. To investigate the sensing
selectivity, other 19 natural a-amino acids employed their L-
form and other biomolecules were also tested in this sensing
system and their concentrations were 15 uM. Error bars were
obtained by measuring three parallel solutions.

His recovery in Human Urine samples. Human urine samples
were collected from healthy volunteers, and no additional
pretreatment was required, except for directly diluted with
ultrapure water. 1 mL urine sample was transferred to 5.0 mL
centrifuge tube, then 10 uL His solution and 490 uL ultrapure
water were added to obtain a total volume of 1.5 mL, resulting
in that spiked His concentrations in the tubes were 0 (blank
sample), 400, 800 uM, respectively. To detect His in diluted
urine samples, a certain amount of cu® ions solution and 10
uL spiked urine were mixed for 10 min, then, the mixed
solution was introduced into 50 mM Tris-HCI buffer solution of
pH 7.4 containing 15% acetonitrile (by volume) and 0.5 mM
OPD, to afford a total volume of 1 mL. The reaction solution
reacted at 65 °C for 1 h. After the resulting solution was
cooled to room temperature, measurements of PL spectra
were conducted by a F-4600 Fluorescence spectrophotometer.

Synthesis of CuO nanoparticles. The cupric oxide nanoparticles
were prepared via a previously reported quick-precipitation
method.*® 1.0083 g copper acetate was dissolved in 150 mL
ultrapure water, and then the solution was mixed with 0.5 mL
glacial acetic acid in a round-bottomed flask equipped with a
refluxing device. The solution was heated to boil under
vigorous stirring. Then, 10 mL 0.08 g. mL" NaOH aqueous

This journal is © The Royal Society of Chemistry 20xx
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solution was rapidly added to the above mentioned boiled
solution, where a large amount of black precipitates
immediately formed. The precipitates were centrifuged,
washed three times with ethanol, and dried by air at room

temperature.

Measurement of the total Cu content of CuO nanoparticles
solution. The total Cu content of CuO nanoparticles solution
was analysed by a flame atomic absorption spectrometry. The
CuO nanoparticles stock solution was prepared by adding
certain volumes of HCl solution (1.2 M) for ensuring that CuO
was completely converted into cu® ions. The Cu standard
solutions with five different concentrations were employed to
obtain the calibration curve, and then the Cu content of the
nanoparticles solution was calculated by measuring three
parallel solutions of CuO nanoparticles.

Results and discussion

The oxidase-like activity of Cu* ions was firstly investigated by
employing OPD, TMB and p-Acetoamidophenol as the
substrates, respectively. It was found that, when 0.5 uM Cu*
ions was introduced into 50 mM Tris-HCI buffer solution of pH
7.4 containing 15 % acetonitrile (by volume) and 0.5 mM OPD
under 65 °C of temperature, the original colourless solution
gradually turned into light yellow, and the resulting solution
could change to emit vyellow light from its
nonfluorescent under a 365 nm UV lamp (Fig. 1b, c¢). This
that Cu™ possess the

extraordinary oxidase-like activity, similar to that of metal or
35, 3840

original

observation revealed ions can

oxides/sulfides nanomaterials. This catalytic
reaction would be greatly suppressed if Cu® ions or oxygen in

metal

the measured solution were absent (the results of the control
experiments of free dissolved oxygen were shown in Fig. S2).
However, for TMB employed as the substrate, neither obvious
colour substances, nor fluorescent substances,
observed, under similar experimental

could be
conditions. For p-
Acetoamidophenol catalysed by cu* ions, only very weak PL
Furthermore, PL / UV-vis

absorption spectra supported these observations (Fig. 1a). For

emission could be observed.

OPD as the substrate, maximum wavelength of PL emission
spectrum could be obtained at 564 nm (Fig. 1a, black line).
The reaction time-dependent PL intensity at 564 nm of the
OPD-Cu* system was showed in Fig. 2.

1.0 800

——OPD
—— p-Acetoamidophenol
—TMB 4 600

(b)

()

08}

Abs
PL intensity / a.u.

500 600
Wavelength/nm

700

Fig. 1 PL spectra of OPD (black line, 1ex=415 nm) and p-Acetoamidophenol
(red line, Aex=330 nm), and UV-vis absorption spectrum of TMB (blue line)
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catalysed by Cu®* ions (a). Typical PL photographs of OPD catalysed by Cu®"
ions (b), and of original OPD (c), illuminated by 365 nm UV lamp in dark room.
Experimental conditions: OPD, p-Acetamidophenol and TMB concentration
were set to be 0.5 mM; temperature of 65 °C; 50 mM Tris-HCI buffer solution of
pH 7.4 containing 15% acetonitrile (by volume); the reaction time of 1 h.
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Fig. 2 Reaction time-dependent oxidase-like activity of cu®* ions towards
OPD. Experimental conditions: [OPD] = 0.5 mM; [Cuz* ions] = 0.5 uM;
temperature of 65 °C; 50 mM Tris-HCl buffer solution of pH 7.4 containing
15% acetonitrile (by volume).

The catalytic activity of cu®" ions towards OPD was found to
be dependent on pH, temperature, OPD and cu** ions
concentrations, too (Fig.3-6). pH effect on the catalytic activity
of Cu” ions showed a change tendency, in which the catalytic
activity first enhanced and then decreased, when pH was
increased from 4.7 to 8.5 (Fig. 3), indicated by the change of PL
intensity at 564 nm with varying pH. Taken together pH of the
biological condition, 50 mM Tris-HCI buffer solution of pH 7.4
was thus employed in further experiments. When the
temperature was set from 25 °C to 80 °C, the catalytic activity
demonstrated an enhancement (Fig. 4). Furthermore, the
effect of OPD concentration was investigated, and the results
were showed in Fig. 5. Experimental results revealed that,
when OPD concentration was changed from 0.1 mM to 3.0
mM,
increasing OPD concentration.

PL intensity at 564 nm gradually enhanced with
The effect of Cu™
concentration also indicated that, with increasing Cu® ions
concentration from 0.05 uM to 5 uM, not only accelerating

ions

reaction, but also enhancement of PL intensity, could be
observed (Fig. 6). Importantly, even if Cu*ions concentration
was lowered to 0.1 uM which was 3 orders of magnitude lower
than that of OPD fixed at 0.5 mM, a significant reaction could
still occur, indicative of the extremely high oxidase-like activity
of Cu® ions towards OPD. It should be noted that, we recently
reported that Fe® ions possess much higher peroxidase-like
activity than that of Fe;0, nanoparticles.37

Similarly, in the absence of cu* ions, the time, pH and
temperature effect on the PL intensity of only OPD system
were investigated, too. It was revealed that, the changes were
similar to those of cases in the presence of cu® ions (Fig. S3-
S5), besides PL intensity at 564 nm was significantly lowered.

J. Name., 2013, 00, 1-3 | 3
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Fig.3 pH-dependent oxidase-like activity of Cu®* ions towards OPD.
Experimental conditions: [OPD] = 0.5 mM; [Cu® ions] = 0.5 uUM; temperature
of 65 °C; buffer solution of varied pH containing 15% acetonitrile (by volume);
the reaction time of 1 h.
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Fig. 4 Temperature-dependent oxidase-like activity of Cu®* ions towards OPD.
Experimental conditions: [OPD] = 0.5 mM; [Cu®*" ions] = 0.5 uM; 50 mM Tris-
HCI buffer solution of pH 7.4 containing 15% acetonitrile (by volume); the
reaction time of 1 h.
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Fig. 6 The relationship between PL intensity @ 564 nm and Cu®' ions
concentration. Experimental conditions: [OPD] = 0.5 mM; temperature of 65
°C; 50 mM Tris-HCI buffer solution of pH 7.4 containing 15% acetonitrile (by
volume); the reaction time of 1 h.
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Fig. 5 The relationship between PL intensity @ 564 nm and OPD
concentration. Experimental conditions: [Cu**ions] = 0.5 UM; temperature of
65 °C; 50 mM Tris-HCI buffer solution of pH 7.4 containing 15% acetonitrile
(by volume); the reaction time of 1 h.
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We suggested that the reversible conversion between Cu*
and Cu’ ions was responsible for the observable catalytic
activity of Cu® ions. Since in traditional inorganic chemistry it
is well known that, Cu’ ions can be stabilized by the weak
coordination of acetonitrile,“’ 42 introducing acetonitrile into
this catalytic system was expected to be helpful for stabilizing
Cu’ions. This suggestion was supported by the experiment of
the effect of volume ratio of acetonitrile to buffer aqueous
(v/v, %) on the catalytic activity of Cu* ions. Experimental
results exhibited that, the catalytic activity of Cu® ions was
substantially enhanced when the volume ratio was changed
from O to 15 %, however, further increasing the volume ratio
could lead to the decrease of the catalytic activity (Fig.7). The
decrease of the catalytic activity of Cu® ions caused by the
addition of excessive acetonitrile should originate from that
the redox potential of the catalyst generally decreased when
Therefore, 15 %
acetonitrile content (by volume) was chosen to obtain
preferable catalytic activity of Cu® ions in the related

polarity of the solvent was lowered.

experiments.
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Fig. 7 Acetonitrile content (by volume) -dependent oxidase-like activity of
Cu? ions towards OPD. Experimental conditions: [Cu®* ions] = 0.5 uM; [OPD]

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://dx.doi.org/10.1039/c5ra17900a

Page 5 of 8

Published on 23 October 2015. Downloaded by University of Cambridge on 23/10/2015 13:09:37.

RSC Advances

= 0.5 mM; temperature of 65 °C; 50 mM Tris-HCI buffer solution of pH 7.4
containing varied acetonitrile content (by volume); the reaction time of 1 h.

It is known that, the stability of Cu nanoparticles is usually
poor, and Cu nanoparticles are easy to be converted into CuO
nanoparticles Cu nanoparticles aqueous
contains oxygen. Therefore, it was wondered that whether
CuO nanoparticles have similar catalytic performance towards

when solution

OPD compared with that of cu® ions? Experimental results
revealed that, OPD could be catalysed by CuO nanoparticles
(the results of XRD and TEM characterization were shown in
Fig.SG-S7)35 to form an oxidation production, too, similar to
that of the case of Cu®* ions. This result has also been
observed by other groups.33 However, when cu® ions
concentration in copper salt and Cu content of CuO
nanoparticles solution were set to be exactly same, the
catalytic activity of CuO nanoparticles was found to be
significantly poorer than that of cu®* ions (Fig. 8). Furthermore,
the catalytic activity of cu® ions obviously decreased when a
certain amount of ascorbic acid was added to the OPD— Cu®"
catalytic system (Fig. 9), because ascorbic acid could fast
reduce Cu®" ions to in situ form Cu/CuO nanoparticles (Fig. S8).
This observation further supported that the catalytic activity of
cu® ions is superior to that of CuO nanoparticles. It should be
noted that, likely only the superficial copper (unbinding or
binding cu®* ions) in the surface of nanoparticles could act as
catalysts for catalysing the oxidation reaction of OPD, similar

. 37
to our recent observations.

3000

T
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T

PL intensity @ 564 nm

cu® Cuo
Fig. 8 Comparison of the oxidase-like activity of Cu?* ions and CuO
nanoparticles towards OPD. Experimental conditions: both Cu®* ions
concentration in copper salt and Cu content of CuO nanoparticles solution
were set to be same, 5 uM; [OPD] = 0.5 mM; temperature of 65 °C; 50 mM
Tris-HCI buffer solution of pH 7.4 containing 15% acetonitrile (by volume); the
reaction time of 1 h.
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Fig. 9 The effect of ascorbic acid concentration on the oxidase-like activity
of Cu®* ions towards OPD. Experimental conditions: [Cu®* ions] = 3 uM;
[OPD] = 0.5 mM; temperature of 65 °C; 50 mM Tris-HCl buffer solution of
pH 7.4 containing 15% acetonitrile (by volume); the reaction time of 1 h.

Considering the strong complexation capability of His
towards Cu®* ions, the catalytic reaction of the OPD- cu®
system should be inhibited by adding His. Indeed, it was found
that, introducing a certain amount of His, the oxidation
reaction of OPD catalysed by Cu® ions was His concentration-
dependent. As shown in Fig. 10, the catalytic oxidation
reaction was

gradually suppressed with increasing His

concentration, and good linear relationship was found
between [His] and the PL intensity at 564 nm wavelength. The
linear correlation of PL =414.7-16.8 [His] (R2= 0.991) was
obtained over the tested concentration range of His from 0.5
to 30 uM when 0.5 uM Cu* ions was employed. The limit of
detection (LOD) for His was estimated to be 0.47 uM (3o0/k, n =
11). Decreasing cu® ions concentration to 0.1 uM, LOD of this
sensing system for His was lowered to be 0.33 uM (Fig. S9).
These LODs were much lower than those of most of reported
cases.”®™ The inhibition of the catalytic reaction should be
ascribed to forming Cu®"-2His compounds due to high stability
constant of Cu®**-His, which could result in reducing the
447 Other 19 natural a-amino
acids were employed to test the selectivity of this sensing

2+ .
amount of unbound Cu®" ions.

system. The results showed that, under similar experimental
conditions, employing other amino acids did not suppress the
catalytic reaction, besides that, cysteine bearing a thiol group
showed somewhat interference, since it has strong binding
capacity towards most of transition heavy metal ions (Fig. 11).
Furthermore, other structurally similar biomolecules such as
Adenine and Cytosine were employed for conducting control
experiments, too, and the results revealed that PL spectral
interferences were hardly observed (Fig. S10). This result
indicated that this established sensing system has good
selectivity. A comparison of our present sensing system and
other reported references were summarized, as shown in
Table 1. Compared with tedious and troublesome synthesis of
receptors or expensive instruments in the reported references,
our present sensing system shows some merits of simplicity,
facile operation, and sensitivity.

J. Name., 2013, 00, 1-3 | 5
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Fig. 10 His concentration-dependent PL intensity changes at 564 nm
wavelength of the Cu?*-~OPD system (a), and linear relationship plot
between PL intensity at 564 nm and His concentration (b). The reaction
time was set as 1 h. [Cu® ions] = 0.5 uM; [OPD] = 0.5 mM; temperature of
65 °C; 50 mM Tris-HCI buffer solution of pH 7.4 containing 15% acetonitrile
(by volume).
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Table 1 Comparison of the LODs of reported references and our present work

No. Ref. Method LOD (uM)

1 > HPLC 1.1
2 st Capillary electrophoresis 0.14
3 2 Electrochemical analysis 5

4 > cL 0.1
5 > PL 0.3
6 “ PL 1.6
7 This work PL 0.33

Table 2 His recovery experiments in the diluted human urine samples (n = 3)
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Fig. 11 The difference of APL intensity at 564 nm wavelength of the Cu**~OPD
system in the presence of His and other 19 amino acids, respectively. The
reaction time was set as 1 h. His and other amino acids concentrations were
15 uM; [Cu® ions] = 0.5 uM; [OPD] = 0.5 mM; temperature of 65 °C; 50 mM
Tris-HCI buffer solution of pH 7.4 containing 15% acetonitrile (by volume).
Note that, APL was obtained from that the PL intensity at 564 nm of every group
subtracted that of blank (the OPD system in the absence of Cu”" ions).

Sample Spiked Measured  Recovery  Found concentration

/um /um /% /UM
Sample A 0 2.68+0.07 402.0+9.8
4 4.10£0.18  102.5%4.5
8 7.70:0.05  96.3%0.7
Sample B 0 4.07+0.16 610.5+23.7
4 3.88+0.11  97.0+2.8
8 8.13+0.11 101.61.4

Note that, the urine sample A and sample B were directly diluted to 150 times by
50 mM Tris-HCl buffer solution of pH 7.4.

To evaluate the applicability, the experiments of His
recovery in human urine samples were performed by
employing our present sensing system. Two human urine
samples were collected, and detailed experimental operation
was referred to the experimental section. As shown in Table
2, the quantitative recoveries (96.3% to 102.5%) of spiked His
have revealed that this sensing system can have good practical
sensing application. Meanwhile, affording His concentration
(402 to 610.5 uM) in the human urine samples are consistent
with its normal levels (normal level, 130-2100 uM in urine)48
and that by other developed sensors,* %84

6| J. Name., 2012, 00, 1-3

Conclusion

cu?

the oxidation reaction of OPD to “turn on” its PL. The catalytic
reaction was investigated in detail for obtaining optimal

" ions could be employed as the oxidase mimic to catalyse

experimental conditions. It was found that, when OPD was
employed as the substrate, the oxidase-like activity of cu®
ions was substantially better than that of Cu/CuO
nanoparticles. Due to the strong binding of His towards cu™
ions, a simple, highly selective and sensitive sensing platform
was thus established for His. Furthermore, this sensing system
was successfully employed for detecting His in the human
urine samples with satisfactory His recovery. All in all, the PL
sensing system for His established in this work has several
intriguing enlightenments: (i) cu™ ions serving as the oxidase
mimic is much more simple and stable, compared with its
nanomaterials counterparts such as Cu/CuO nanoparticles,
because the preparation procedures of nanomaterials are in
general troublesome and most of nanomaterials are intrinsic
instable during storage and preparation; (ii) our experimental
results can afford much more useful insights for the nature of
the observed oxidase/peroxidase-like activity of Cu/CuO
nanoparticles.
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A simple, highly sensitive and selective PL sensing platform for histidine have been

developed, based on the oxidase—like activity of Cu®" ions.
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