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iridium(III) complex as
a luminescent “turn-on” sensor for selective
detection of L-histidine and bacterial imaging†

Xiaojuan Li,a Tianqian Jia,a Yueyan Wang,a Yanyan Zhang,a Du Yang,a Sicheng Zhaia

and Shuming Li *b

Histidine (His) is a semi-essential amino acid and a unique key neurotransmitter involved in numerous

physiological processes. An excessive or deficient amount of His in the body can lead to various related

diseases. However, since the chemical structures of L-His and its metabolites (such as histamine (Ha),

imidazole-4-acetate (ImA), etc.) are very similar, simple and efficient selective detection of L-His and its

related metabolites is of great importance but remains a great challenge. Herein, we successfully designed

and synthesized a DMSO-assisted iridium(III) complex (Ir1-DMSO), which can be applied as a “turn-on”

photoluminescence (PL) probe for the selective detection and quantification of L-His/Ha. More importantly,

Ir1-DMSO exhibited good sensitivity, high selectivity, and anti-interference capability for L-His/Ha/His-

containing proteins, which is advantageous due to its simple fabrication and low technical demands. This

was attributed to the reaction of Ir1-DMSO with imidazole and amino groups of L-His/Ha. Furthermore, we

show the utility of Ir1-DMSO as a PL imaging agent in cultures of E. coli and S. aureus. Considering its

diversity of composition and structural flexibility, it can be extended to other solvents and Ir-ligand

complexes for various analyses based on specific molecular recognition sensing platforms.
Introduction

Amino acids serve as the essential building blocks of protein
molecules and play a crucial role in various life activities and
processes.1 Histidine (His), a semi-essential amino acid, is
characterized by its unique imidazole group. Additionally, His
functions as a key neurotransmitter in numerous physiological
processes.2,3 A deciency or excess of His in the human body can
lead to a range of diseases. His-related metabolites include
several biologically active substances, such as histamine (Ha),
N-acetylhistamine (Ace), imidazole-4-acetate (ImA), and
imidazole-propionic acid (ImP).4 Abnormal levels of His and its
metabolites can cause a variety of diseases.5,6 For example,
abnormal His levels are associated with chronic nephropathy,
Friedreich ataxia, Parkinson's disease, inammatory intoxica-
tion, asthma and advanced cirrhosis.7,8 Excessive amounts of
Ha can cause allergic reactions, such as mouth burning,
ushing, nausea, headache, etc.9 Consequently, monitoring His
and its metabolites is closely linked to our physiological well-
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being. Developing straightforward and efficient methods for
detecting His and its metabolites holds signicant value for the
early diagnosis of specic diseases.

In recent years, several methods such as colorimetry,10–14

uorimetry,15–18 and electrochemical19,20 methods have been
explored for the detection of His or Ha. Optical sensors based
on small molecule dyes, due to their sensitivity, simplicity and
convenience, have been widely used in the determination of
amino acids.21,22 Recently, several iridium(III) complexes have
been reported as luminescent probes for detecting chlorinated
solvents,23 bovine serum albumin (BSA),24 picric acid,25

hydrogen sulde,26 lipopolysaccharides,27 and so on. In addi-
tion, several iridium(III) complexes have been reported for the
detection of His. For example, Wang et al. introduced a His-
specic [Ir(ppy)2(CH3CN)2]OTf complex (where ppy stands for
2-phenylpyridine and OTf denotes triate) for cell imaging
research.28 Zhang et al. reported a tripyridyl cyclometallized
iridium(III) complex containing benzoate as a two-photon uo-
rescent probe for imaging nuclear His.29 Sarkar et al. developed
a heterobimetallic complex containing Ir(III) and Pt(II) as
a sensor for His and as a staining agent for His-rich proteins.30

Sarkar et al. developed two complexes, IrL1 and IrL2, which
were conrmed to function as switch-on uorescent probes for
detecting His or His-containing proteins.31 However, because
the chemical structures of His and its metabolites are very
similar, the simple and efficient selective detection of these
Anal. Methods
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Fig. 1 Synthetic route of Ir1 and Ir1-DMSO.
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compounds, especially in complex environments, remains
a great challenge.

In this work, we anticipated that the complex would display
weak or negligible emission. In living systems, it can covalently
bond to endogenous L-His or His-rich proteins via a substitution
reaction with the dimethyl sulfoxide (DMSO) ligand, resulting
in enhanced luminescence. Iridium(III) complexes with
outstanding PL activity were designed and synthesized,
enabling their use as sensors.

Therefore, we designed a new DMSO-assisted iridium(III)
complex, Ir(bt)2(DMSO)Cl (where bt = 2-phenylbenzothiazole,
Ir1-DMSO, as illustrated in Fig. 1), and examined the coordi-
nation ability of Ir1-DMSO and L-His as well as Ha using pho-
toluminescence (PL) techniques. The highly specic and
selective reaction of Ir1-DMSO with L-His was further explored
using L-His-related metabolites as interference objects. The
analytical performance for detecting L-His further proved that
the interaction between Ir1-DMSO and L-His can also be applied
for detecting L-His-containing proteins.
Experimental
Chemicals and materials

IrCl3$3H2O and the bt compound were acquired from J&K
Scientic Ltd. (China). L-His, Ha, Imp, Ace, Ima, and various
other amino acids were obtained from Tokyo Chemical Industry
Co., Ltd. (Japan). Four polypeptides were obtained from Apep-
tide Co., Ltd. (China). Phosphate-buffered saline (10 mM PBS,
pH 7.4) was acquired from HyClone Company (USA). All
chemicals were of analytical grade and did not require further
purication, with Millipore Milli-Q water (18.2 MU cm) used for
the experiments.
Synthesis of Ir1-DMSO

Firstly, Ir1 was synthesized according to reported procedures.32

The major peak at m/z = 613.0378 in the mass spectra (Fig. S1†)
should be ascribed to [Ir(bt)2]

+ (calculated, 613.0384). We found
that Ir1 can react with DMSO at room temperature to produce
Ir1-DMSO. 5 mL of DMSO was added to 3.24 mg of Ir1 and the
mixture was stirred continuously at room temperature until Ir1
was completely dissolved to obtain an orange red Ir1-DMSO
(about 1 mM) solution. The characterization of Ir1-DMSO was
carried out by electrospray ionization with high-resolution mass
spectrometry. As shown in Fig. S2,† the characteristic peak
centered at m/z 691.0515 was ascribed to Ir1-DMSO (calculated,
691.0523).
Anal. Methods
Fourier transform infrared spectroscopy (FTIR)

The samples were mixed with dry KBr powder and mechanically
pressed to form a disc. Scans of the samples were recorded at
a resolution of 1.5 cm−1 in the frequency range of 3400–
400 cm−1. The FTIR spectra of DMSO, Ir1, and Ir1-DMSO were
recorded (Fig. S3†). Two new bands at 2914 cm−1 and 2998 cm−1

in Ir1-DMSO were assigned to the –CH3 groups of the DMSO
ligand. In addition, the FTIR spectra of Ir1-DMSO showed
a band at 1044 cm−1, which is related to the valence vibrations
of the (S]O) bonds of the coordinated DMSO molecule.33 The
stretching vibrations bands of DMSO (C–S) = 710–570 cm−1

overlap with the bands of Ir1-DMSO.34 Therefore, the structure
of Ir1-DMSO is similar to that reported recently by Qian et al.,
who conrmed through single-crystal X-ray crystallography that
the structure of Ir-DMSO is orthogonal, with the Ir atom coor-
dinated to the N atoms of the ligands, as well as to the S atom of
DMSO and the Cl anion ligand.35

PL measurements

A volume of 0.005 mL of 1 mM Ir1-DMSO was mixed with
0.995 mL of 10 mM L-His or other samples at various concen-
trations and incubated at 37 °C for 30 min. PL spectra were
obtained using a uorescence spectrophotometer (Horiba JY,
uorolog-3, Japan) in the 480–700 nm range, with an excitation
wavelength of lex = 325 nm. PL quantum yields (FPL) were
measured on a Fluorolog-3 uorescence spectrophotometer.

Bacterial imaging

The experimental procedures are outlined as follows: rst,
suitable amounts of Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) were collected using an inoculation loop and
transferred to a shaking tube containing 2 mL of the Luria–
Bertani (LB) liquid medium. The bacteria were incubated for 6 h
in a thermostatic bacterial culture incubator to maintain them
in the logarithmic growth phase. An appropriate volume of the
bacterial suspension liquids was then centrifuged. The super-
natants were discarded, and the bacteria were resuspended in
an equal volume of PBS solution, repeating this process three
times. Finally, the bacterial solutions were mixed thoroughly,
and the OD600 absorbance was measured to be 0.5, corre-
sponding to a bacterial concentration of approximately 1 × 108

CFU mL−1. A volume of 0.1 mL of this bacterial suspension
liquid was added to 0.9 mL of PBS solution, resulting in 1 × 107

CFU mL−1. Subsequently, 5 mL of Ir1-DMSO were added to this
suspension liquid for imaging via confocal laser scanning
microscopy (CLSM, Olympus, Japan).

Results and discussion

The UV-vis absorption spectrum of Ir1-DMSO in DMSO/H2O (1 :
99, v/v) shows intense ligand-centred absorption bands in the
region of 200–350 nm (Fig. 2a), similar to that of a typical Ir(III)
complex.34,36 Ir1-DMSO exhibits weak PL emission at 575 nm
under 325 nm excitation in DMSO/H2O (5/95, v/v). To avoid the
effect of DMSO on the luminescence performance of Ir1, we
conducted a luminescence study on the chromogenic effect of
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) UV-vis absorption spectra of Ir1-DMSO in DMSO/PBS buffer
solution (pH = 7.4, 5/95, v/v). (b) PL emission spectra and (c) relative
emission intensity of Ir1-DMSO in the presence of 20 amino acids (50
mM). DI= I− I0, I and I0 represents the PL intensity of Ir1-DMSOwith or
without various amino acids, lex = 325 nm, lem = 538 nm. (d) The
linearity between the PL intensity of Ir1-DMSO and the concentration
of L-His (0.2–40 mM) at 540 nm.
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the Ir1 solvent. The results showed that the volume of DMSO
did not affect the luminescence performance of Ir1 (Fig. S4†).

Inspired by the specic luminescent properties of
[Ir(ppy)2(solv)2]

+ (solv = H2O or CH3CN) for L-His/His-rich
Fig. 3 Mass spectra of Ir1-DMSO experimental and calculated spectra o

This journal is © The Royal Society of Chemistry 2024
proteins,37 here we investigated interactions between Ir1-
DMSO and biomolecules including amino acids or proteins.
The interactions of Ir1-DMSO with various amino acids were
examined in the solution. As shown in Fig. 2b, in the presence
of amino acids other than L-His, Ir1-DMSO exhibited a weak
orange-red emission at a maximum wavelength of 575 nm.
However, when L-His was present, the PL emission spectrum of
Ir1-DMSO showed a shoulder peak, with a strong new peak
appearing at 538 nm. A signicant enhancement in the orange-
red PL emission of L-His (about 14-fold) was observed, while the
PL emission of Ir1-DMSO remained largely unchanged for the
other 19 amino acids (Fig. 2c), including L-arginine, L-gluta-
mine, L-serine, L-glutamic, L-valine, L-alanine, L-glycine, L-
asparagine, L-isoleucine, L-leucine, L-tryptophan, L-aspartic, L-
phenylalanine, L-threonine, L-tyrosine, L-proline, L-cysteine, L-
lysine, and L-methionine. In order to explain the binding of L-
His with the Ir1-DMSO in the presence of other interfering
amino acids. As shown in Fig. S5,† the PL intensity of Ir1-DMSO
in recognizing L-His was not affected by the presence of excess
of other amino acids. These results demonstrated that Ir1-
DMSO can be used for the highly selective detection of L-His
without interference from other amino acids, making it a novel
composite luminescent probe.

Kinetic experiments were optimized by detecting the PL
emission intensity of Ir1-DMSO with L-His at different
f peak in the presence of 5 equivalents of L-His.

Anal. Methods
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Fig. 4 (a) Structures of L-His, Ha, ImA, ImP, and Ace. (b) PL emission
spectra of Ir1-DMSO toward L-His, Ha, ImA, ImP, and Ace. (c) PL
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incubation times (Fig. S6†). Initially, before the addition of L-His
(about 200 s), the PL intensity of Ir1-DMSO could be detected.
Aer injecting 50 mM L-His, PL intensity (10 mM Ir1-DMSO) rst
increased during the rst 20 min and then stabilized as the
incubation time continued. The FPL was measured to be 1.65%
for Ir1-DMSO, and it signicantly increased to 22.73% for Ir1-
DMSO in the presence of L-His. The PL intensity based detec-
tion method for monitoring L-His variation was assessed based
on changes in PL intensity. As the concentration of L-His
increased from 0.2 to 40 mM, the PL intensity also rose
accordingly (Fig. 2d). The L-His concentration (0.2 mM to 20 mM)
exhibited a linear relationship with the PL intensity at 538 nm.
The linear equation obtained was y = 40 165.86x + 4171.9055
(mM, R2 = 0.9913), with a detection limit of 0.08 mM. There may
be a coordination reaction occurring between L-His and Ir1-
DMSO, which is further supported by the mass spectra (MS)
of Ir1-DMSO with and without L-His as a model. As illustrated in
Fig. 3, aer the addition of 5 equivalents of L-His, two charac-
teristic peaks centred at m/z 768.1067 and 923.1759 were
observed. These peaks correspond to Ir1-His (calculated,
768.1079) and Ir1-His2 (calculated, 923.1774), which were
products resulting from the coordination reaction between
[Ir(bt)2] and L-His. To further explore the binding mechanism of
the proposed Ir1-His complexes, Ir1-DMSO, L-His, and Ir1-His
were characterized by FTIR (Fig. S7†). The stretching vibra-
tions observed at approximately 3037 cm−1 in the FTIR spec-
trum of L-His may be assigned to N–H symmetric stretches or
the presence of protonated NH2 groups.38 L-His exhibited the
characteristic bands of the imidazole ring at 1464 cm−1.39 The
bands at 1639 cm−1 and 1508 cm−1 could be assigned to d(NH)
and n(C]N) frequencies, respectively. The shape and position
of the n(C]N) bands indicate changes in the Ir1-His complex,
suggesting the formation of Ir1–N]C.40 Furthermore, the
disappearance of the band at 1044 cm−1 in the Ir1-His complex
may be due to the replacement of DMSO in Ir1-DMSO by L-His.
The binding stoichiometry between Ir1-DMSO and L-His was
determined using the Job plot experiment. Based on this
continuous titration approach and PL measurements, the
maximum mole fraction of Ir1-DMSO with L-His was 0.54
(Fig. S8†), indicating a 1.2 : 1 stoichiometric ratio.

To explore the practical applicability of Ir1-DMSO complexes
for L-His detection under real conditions, we studied the effect
of pH on the complexes in the absence or presence of L-His
(Fig. S9†). The PL intensity of the complexes in the absence of L-
His showed no signicant change in a wide range of pH from
4.0 to 10.0, implying the good stability of Ir1-DMSO and its
reliability for L-His detection. The PL intensity of Ir1-DMSO
complexes was enhanced by the presence of L-His within the
pH range of 4.0 to 10.0. We observed a slight increase in the PL
intensity of Ir1-DMSO with increasing acid strength in the
presence of L-His, which may be due to the protonation of the
negatively charged carboxylic acid group present in L-His at
acidic pH. Comparison of the analytical performance of Ir1-
DMSO for the detection of L-His indicates good sensitivity and
selectivity for the L-His assay, as illustrated in Table S1.† These
results demonstrated that Ir1-DMSO can be successfully applied
Anal. Methods
as a sensitive probe to accomplish the high selective PL based
detection of L-His.

To further validate the selectivity of Ir1-DMSO for L-His,
a metabolite with a similar structure to L-His was selected as
a challenge, with its structure illustrated in Fig. 4a. The PL
emission spectra are shown in Fig. 4b, where we can observe the
effects of adding 50 mM of L-His and each of its four metabolites
separately. The PL intensity signicantly increased in the
presence of L-His and Ha, while ImA, ImP, and Ace showed
barely any change. When Ha was added to the Ir1-DMSO solu-
tion, the PL spectrum was notably enhanced, resulting in
a broad peak with a main peak at 550 nm. By comparing the
structure of L-His with that of the metabolite, we found that the
PL spectrum of Ir1-DMSO displayed a double shoulder with
a main peak at 538 nm when both amino and carboxyl groups
were present. In contrast, when only the amino group was
present, the PL spectrum of Ir1-DMSO exhibited a double broad
peak with a main peak at 550 nm. However, the PL spectra of
Ir1-DMSO did not change signicantly when only carboxyl
groups or amides were present. This was attributed to the
reaction of Ir1-DMSO with the imidazole and amino groups of L-
His/Ha.

To further demonstrate the role of the carboxyl group in the
reaction between Ir1-DMSO and L-His, four His-free polypeptide
chains (P1: DPKKRKV, P2: DVQRKRLMP, P3: KVQRKRQKLMP,
and P4: KLTRAQRARKNRT), as well as BSA (607 AA, with 17 His
emission spectra of Ir1-DMSO toward 10 mM P1–P4, BSA, and HSA.

This journal is © The Royal Society of Chemistry 2024
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residues) and lysozyme (147 AA, with one His residue) were
selected. The PL emission spectra of Ir1-DMSO in relation to
P1–P4, BSA, and lysozyme are shown in Fig. 4c. The spectral
intensity of Ir1-DMSO was signicantly enhanced when mixed
with BSA and slightly enhanced when mixed with lysozyme,
with the main peak at 550 nm. This enhancement may be
attributed to the lack of free carboxyl groups in the His residues
of the proteins. In contrast, no change in PL intensity was
observed when Ir1-DMSO was mixed with any of the four
peptides without L-His, further demonstrating the highly
specic selective reaction of Ir1-DMSO with L-His.

Considering the use of Ir1-DMSO for detecting L-His and Ha/
His-proteins through PL emission, optical microscopy further
veried the presence of bacteria containing His-proteins. E. coli
is a typical Gram-negative bacterium and is the most important
and abundant bacterium found in the intestines of humans and
many animals. Importantly, E. coli contains various proteases
with L-His residues.40–45 Furthermore, S. aureus, another typical
Gram-negative bacterium, also contains various proteases with
L-His residues.46,47 Therefore, we chose these two bacteria as
targets for imaging to demonstrate the selectivity of Ir1-DMSO
towards L-His. As shown in Fig. 5, aer 30 min of incubation
with Ir1-DMSO, a strong emission was distinctly observed under
a CLSM, whereas the bacteria lacking Ir1-DMSO appeared
Fig. 5 CLSM images of (A) E. coli and (B) S. aureus treated with or
without Ir1-DMSO (30 min), respectively.

This journal is © The Royal Society of Chemistry 2024
blank. The bright- and dark-eld CLSM imaging of the bacteria
using Ir1-DMSO probes exhibited no background noise. This
approach allowed for clear visibility of the bacteria without the
need for any washing steps, minimizing bacterial loss during
the washing process and streamlining the imaging procedure.
Consequently, the characteristics of Ir1-DMSO render it more
suitable and advantageous than conventional uorescence dyes
for bacterial imaging.
Conclusions

In conclusion, we successfully designed and synthesized
a DMSO-assisted iridium(III) complex (Ir1-DMSO), which serves
as a “turn on” PL probe for the selective detection of L-His/Ha.
When L-His was present, the PL emission spectrum of Ir1-
DMSO showed a shoulder peak, accompanied by a strong new
peak at 538 nm. A linear correlation (R2 = 0.9913) was estab-
lished between the concentration of Ir1-DMSO and L-His in the
range of 0.2–20 mM, with a detection limit of 0.08 mM. Notably,
Ir1-DMSO demonstrated excellent sensitivity, high selectivity,
and strong anti-interference capabilities for L-His/Ha and L-His-
containing proteins, making it advantageous due to its simple
fabrication and low technical requirements. This performance
is attributed to the interaction of Ir1-DMSO with the imidazole
and amino groups of L-His/Ha. Additionally, we demonstrated
the effectiveness of Ir1-DMSO as a PL imaging agent in cultures
of E. coli and S. aureus. This study highlights Ir1-DMSO as
a promising alternative “turn on” PL probe for detecting L-His.
Given its compositional diversity and structural exibility, it can
be adapted for use with other solvents and Ir-ligand complexes
for various analyses based on specic molecular recognition
sensing platforms.
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