friried applied
o sciences

Article

Investigation on a Sensitive Chemiluminescence
System Based on Ni(IV) Complex to Determine Two
32-Agonist Drugs in Urine and Swine Feed and
Their Mechanism

Xiao Dong 12, Yajie Diao 12, Xinghua Li ?, Tingting Dai 2, Hongmei Shi 2* and Shan Li 2*

1 Department of Nursing, Xingtai Medical College, Xingtai 054000, China; dongxiao7905@163.com (X.D.);
yajie198010@163.com (Y.D.)

2 School of Public Health, Hebei Medical University, Hebei Key Laboratory of Environment and Human
Health, Shijiazhuang 050017, China; LIXH026@163.com (X.L.); daitingting2320@163.com (T.D.)

*  Correspondence: shihm@hebmu.edu.cn (H.S.); lish@hebmu.edu.cn (S.L.);
Tel.: +86-311-8626-1043 (H.S. & S.L.)

check for

Received: 15 March 2018; Accepted: 10 April 2018; Published: 25 April 2018 updates

Abstract: Veterinary drug residues, particularly traces of 32-agonists, can cause various kinds of
harmful impact to the environment and public health. Here, a sensitive chemiluminescence (CL)
method incorporated with a flow injection analysis is developed for the determination of two
[32-agonists [i.e., salbutamol (SAL) and terbutaline (TEB)]. The system is based on the CL reaction of
Ni(IV) complex with luminol in alkaline solutions, whereas SAL and TEB can significantly enhance
CL intensities. Under optimum conditions, CL intensities are proportional to the SAL and TEB
concentration in the range of 1.0 x 107 M to 5.0 x 1077 M and 1.0 x 107 M to 1.0 x 1077 M,
respectively. The limits of detection (30) are 1.0 x 10~ M for TEB, and 1.3 x 107! for SAL
respectively. Relative standard deviations (n = 11) are less than 2% for 5.0 x 1078 M SAL and TEB.
Possible reaction mechanisms for the CL system are suggested based on the CL system spectra, Ni(IV)
complex oxidation characteristics, and electron spin resonance (ESR) techniques. The proposed
method has been applied to the analysis of urine and swine feed samples with satisfactory results.
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1. Introduction

Salbutamol [1-(4-hydroxy-3-hydroxymethylphenyl)-2-(tertbutylamino) ethanol] (SAL) and
[1-(3,5-dihydroxyphenyl)-2-(tertbutylamino) ethanol] (TEB, chemical structures are shown in Figure 1)
are both selective 3;-adenocepter agonists used as anti-asthmatic drugs for the treatment of asthma
and chronic obstructive pulmonary disease. But in recent years, traces of (3;-agonist used as an
animal growth promoter into animal feed lawlessly resulted in toxicity to animals and veterinary
drug residues that could cause extensive harm to public health. SAL and TEB are at the top of the
list. Analytical methods reported for the determination of SAL and its sulfate include fluorescence
spectroscopy [1,2], capillary electrophoresis [3,4], HPLC [5,6], quantum dot techniques [7], and
electrochemistry [8,9]. Detection for TEB include HPLC [10-12], and electrochemistry [13], etc.
Many of these analytical techniques are expensive or require time-consuming derivatization steps.
Unlike other methods, chemiluminescence (CL), due to its more sensitive, economical, convenient
and lower detection limits, has attracted considerable attention in several fields such as clinical
research, biotechnology, pharmacology, and environmental chemistry [14-17] in the recent years.
Several chemiluminescence systems has been successfully used in determination for SAL and TEB in
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variety of samples [18-24]. Frequently used CL systems are based on the reactions of luminol (Lu) with
different oxidants, such as Kz[Fe(CN)g] [18,19], HyO; [20], and Cu(IIl) complex [21], others are such as
Immunoassay CL [22], Micro Flow Sensor [23] and Liquid-Core Waveguide CL detection system [24].
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Figure 1. Salbutamol and terbutaline chemical structures.

Over the last few years, part of our research effort has been devoted to the studies of
oxidation reactions by an unusual oxidation states of transition metal complexes (UTMC), Ag(III)
([Ag(HIO6)2]5’) [25,26]. The Ag(Ill) complex can react with luminol (Lu) to produce CL, which
has been successfully utilized to determine several biological samples [27-30] with unusually high
sensitivities. In this work, we developed a CL system based on another UTMC complex (i.e., Ni(IV)
complex, [Ni(OH),(HIOg),]°7), which is fairly stable in alkaline medium, and has steady oxidation
characters than Ag(Ill) complex. Its structure [31] is illustrated as follows (Figure 2).
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Figure 2. Chemical structure of [Ni(OH),(HIOg),]%~ complex anion.

The Ni(IV)-Lu CL system incorporated with a flow injection analysis (FIA) has been established for
SAL and TEB determination. The proposed method is based on the CL reaction of luminol with Ni(IV)
in alkaline solution, whereas SAL and TEB can significantly enhance CL intensities. This method
has suitable linearity, higher sensitivity, precision, and potential capability for the residue analysis
of 3p-agonists in urine and swine feed samples. Possible reaction mechanisms for the CL system are
suggested based on the UV absorption spectra, CL spectra, and results of the electron spin resonance
(ESR) experiment performed in this study.

2. Materials and Methods

2.1. Reagents and Solution

SAL and TEB sulfate were obtained from Sigma-Aldrich (St. Louis, MO, USA). A stock standard
solution of SAL (4.18 x 1072 M) was prepared by dissolving a suitable amount of SAL sulfate
in 2 mL methanol and diluted with deionized water to 25 mL. A stock solution of TEB (3.88
x 107> M) was prepared by dissolving a suitable amount of TEB sulfate in water and diluted to
25 mL. Luminol solution (0.020 M) was prepared by dissolving 0.8860 g luminol (Merck, Darmstadt,
Germany) in 7.00 mL 1.00 M NaOH and then diluted with water to 250 mL. Ni(NOz3),-6H,0O, KIOy,
K;5,03, and KOH (prepared for Ni(IV) solution) were obtained from the Shanghai Chemical Reagent
Company (Shanghai, China). All of the above reagents were of analytical grade without further
purification. Double-distilled water (or pure water thereafter) was used as carrier flow and for the
solution preparation. Diluted working solutions were prepared and used fresh and daily.



Appl. Sci. 2018, 8, 663 30f9

[Ni(OH),(HIOg), 16~ complex was synthesized according to the procedure described
previously [31]. Concentration of the Ni(IV) stock solution was determined spectrophotometrically at
410 nm using the molar absorptivity of ¢ = 1.06 x 10° L (mol) ! (em)~1 [31].

2.2. Sample Handling and Extraction Procedure

Urine samples were provided by the Hospital of Hebei Medical University. A 1.0 mL urine sample
was diluted to 10 mL with pure water. Approximately 1.0 g of PbO, powder was then added and
stirred for 10 min eliminate urine acid, thiourea, and ascorbic acid. The supernatant was filtrated
after centrifuging for 10 min at 10,000 rpm. The filtrate was then applied to a cation exchange column
(4 cm x 1.2 cm) for cleanup. The clear liquid was diluted to 100 mL with pure water.

Artificial swine feed samples were obtained from feed market. Each of the homogenized feed
samples (2.0 g) was weighed into 50 mL polypropylene tube. Extraction with 15 mL 0.03 M HCl
solution (adjusted extraction solution to pH 4-5) was performed by oscillating extraction for 30 min.
Approximately 5.0 mL of the supernatant solution was transferred to a centrifuge tube and centrifuged
for 10 min at 10,000 rpm. The 3.0 mL of upper clear liquid was filtered through 0.45 pm water
membrane filter. Solid phase extraction cartridges (SPE-ProElut PXC) with a water extraction vacuum
manifold were used as clean-up and enrichment devices for the feed samples according to the
following steps:

Condition: 3 mL methanol followed by 3 mL deionized water and 3 mL 30 mM HCL

Load: 3 mL of the above filtrate were loaded to the cartridges.

Wash: 2 mL water, 2 mL methanol, and 2 mL 20% acetone.

Elute: 3 mL 4% ammonia-methanol.

Evaporation with nitrogen stream at 50 °C and were diluted with deionized water to 100 mL.

2.3. Instruments

The FIA-CL system (Xi’an Remax Electronic Science-Tech Co. Ltd., Xi’an, China) is shown in
Figure 3. UV-visible spectra are recorded on a TU-1901 spectrophotometer (Purkinje, Beijing, China).
CL spectra are obtained by an F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan), and
ESR experiments are completed by an electron spin resonance spectroscopy (FA-300, JEOL Ltd.,
Tokyo, Japan).

P
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Figure 3. Schematic of the flow injection analysis CL system for SAL/TEB determination, where P is
the peristaltic pumps, V is the six-way injection valve, M is the manifold, CE is reaction cell, W is waste,
and D is a photomultiplier tube detector.

3. Results
3.1. Optimization of CL Conditions

3.1.1. Effect of Ni(IV) Concentration on CL Intensities

The CL intensities, as functions of [Ni(IV)], [Lu], and [OH™] in both Ni(IV) and luminol solutions,
flow rate, and characters of the carrier flow, have been determined and summarized. CL intensity
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increased with the increasing flow rate, and a 2.5 mL/min flow rate was selected for all solutions in
the measurements. Pure water was used as carrier flow.

At constant [Lu], [OH™] in both Ni(IV) and luminol solutions, the influence of Ni(IV) concentration
on CL emission intensities have been determined in the region of 2.0 x 1078 M t0 2.0 x 107> M. The CL
relative intensities of TEB and SAL increased with the increasing Ni(IV) concentration, but higher
concentrations of [Ni(IV)] lowered the CL intensity probably because of self-absorption by Ni(IV)
complex anion. Maximum CL intensities were obtained for TEB and SAL. The optimum concentrations
of Ni(IV) were thus selected as 6.0 x 1077 M for TEB and 2.0 x 10~° M for SAL.

3.1.2. Effect of Luminol Concentration on CL Intensities

The influence of luminol concentration on CL emission intensities was determined in the region
20x 1078 < [Lu] <4.0 x 10~> M. The relative CL intensities both of TEB and SAL increased with
an increasing luminol concentration. The base signal of CL generated by the reaction between Ni(IV)
and luminol also increased, and the signal-to-noise ratio (5/N) also increased. After an analysis of
S/N ratio of the baseline and system sensitivity, the best luminol concentrations were selected as
2.0 x 1077 M for TEB and 2.0 x 10~ M for SAL.

3.1.3. Effect of [OH-] in Ni(IV) and Luminol Solutions

Changing [OH™] in both the Ni(IV) and luminol solutions can clearly affect the CL intensities of
the Ni(IV)-Lu-TEB and Ni(IV)-Lu-SAL CL systems. We systematically studied the influence of varying
[OH™] in the region 0.0001 < [OH~] < 0.05 M in Ni(IV), and 0.0001 < [OH~] < 0.01 M in luminol
solutions on the CL intensities, respectively. The optimum [OH™] in Ni(IV) and luminol solution for
TEB determination were 0.003 M and 0.001 M, respectively. Approximately 0.001 M [OH™] in Ni(IV)
and 0.002 M [OH™] in the luminol solution were the best concentrations for detecting SAL. All these
optimum values are listed in Table 1 (Shown in Figures S1-54).

Table 1. Optimization of CL conditions for the TEB and SAL determination.

Optimum Condition

Variable Studied Range
TEB SAL
[Ni(IV)]/M 2.0 x 1078-2.0 x 107> 6.0 x1077 2.0 x 107
[Luminol] /M 2.0 x 1078-4.0 x 10°° 2.0 x 1077 2.0 x 107°
[OH™ in Ni(IV)]/M 0.0001-0.05 0.003 0.001
[OH™ in Lu]/M 0.0001-0.01 0.001 0.002

3.2. Application of the New CL System

3.2.1. Dynamic Range, Detection Limit, and Relative Standard Deviation

The Ni(IV)-luminol CL system was applied to determine SAL and TEB. Linearities for the TEB and
SAL determination were investigated under their optimum conditions described above. Linear ranges
of TEB and SAL were 1.0 x 1072 M t0 1.0 x 10~7 M (r = 0.998), and 1.0 x 10° M t0 5.0 x 10" M
(r = 0.996), respectively (Figure 4). Regression equations were obtained as: Iy = 1047.25 + 1220.65 x
108 [TEB], and I; = —643.16 + 955.23 x 108 [SAL]. The detection limits (30) for the regression equation
were 1.0 x 101 M for TEB, and 1.3x 10! M for SAL. According to the precision of the experiment,
quantification limit for SAL/TEB was set the lowest concentration of the linear range that is 1.0 x 10~°
M for SAL and TEB by the standard requirement. The precision values were less than 2% RSD (n = 11)
for 5.0 x 10~ M TEB and SAL.

This new CL system is highly sensitive and has a detection limit much lower than that by
CZE (447 x 10~ M) [4], HPLC/MS (0.006 ng/kg) [5] for SAL, HPLC (8.43 x 10-¢ M) [10], MELC
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(3.55 x 1078 M) [11], and other CL systems (3.12 x 10~ M) [18] for TEB, (1.0 x 10~7 M) for SAL [24]
compared with other published methods.

3.2.2. Recovery Experiments and Analysis of Urine and Feed Samples

Approximately 100 mL urine or feed prepared sample solution was divided into four portions: one
was a blank solution, whereas the others were added with standard solution to determine recoveries.
All test solutions were then diluted appropriately with pure water to within the linear range of
determination. Recoveries were 95% to 105% for SAL and 95% to 108% for TEB in urine and feed
samples, respectively. The results of the blank samples agreed with those obtained by the HPLC-UV
method [32]. Chromatographic separation was performed on a CN column (10 pm, 250 mm X 4.6 mm
i.d.). The mobile phase used consisted of acetonitrile and KH;POy4 (0.075 M) in a ratio of 85:15 at a
flow rate of 1.0 mL/min. UV detector wavelength was set at 215 nm according to UV scan spectra.
The results by HPLC measurement were no detection. All results are listed in Table 2.
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Figure 4. Plots of the CL intensities versus [SAL] and [TEB]. Conditions: (a) [Ni(IV)] = 6.0 X 10" M
(in 0.003 M OH™); [Lu] = 2.0 x 10~7 M (in 0.002 M OH™); [SAL] = 1.0 x 10~7 M; (b) [Ni(IV)] = 6.0 x
10~7 M (in 0.001 M OH~); [Lu] = 2.0 x 10~¢ M (in 0.001 M OH~); [TEB] = 1.0 x 10~7 M.

Table 2. Recoveries obtained for SAL and TEB in Urine and Feed samples.

Spiked (x10~8 M) Found (x10~8 M) Recovery (%, n = 3) RSD (%, n = 3)

Sample

SAL TEB SAL TEB SAL TEB SAL TEB

1.0 1.0 1.05 1.08 105.0 108.0 1.8 2.0

Urine 10.0 5.0 10.28 4.86 102.8 97.2 1.7 2.1
40.0 8.0 38.03 8.33 95.1 104.1 1.7 1.8

1.0 1.0 1.03 1.05 103.0 105.0 2.0 2.1

Feed 10.0 5.0 9.75 4.75 97.5 95.0 1.9 2.3
40.0 8.0 39.36 7.82 98.4 97.8 1.8 2.0

4. Discussion: Mechanistic Studies of the CL Detection System

4.1. CL Spectra

The mechanism of this CL reaction system were investigated by the CL spectra (Figure 5) obtained
from an F-7000 fluorescence spectrophotometer, where (a) luminol-Ni(IV)-TEB; (b) luminol-Ni(IV)-SAL;
(c) luminol-Ni(IV); (d,e) Ni(IV)-SAL/TEB. It can be seen that all curve charts have same absorption
peak at approximately 425 nm, which implies that all these CL reactions shared a common emitting
species derived from the aminophthalate spectrum belong to CL species of luminol [33]. The CL
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intensities of luminol-Ni(IV) could also significantly enhance with the TEB or SAL addition, and TEB
was more sensitive to this system than SAL. This result is consistent with experimental data.

4.2. Verifying Free Radicals by ESR Spectra

The presence of free radicals in Ni(IV) complex-Luminol-SAL molecule CL system was further
verified by electron spin resonance technique. In the above CL system, there may be free radicals
including OH,, O, and free radicals of luminol and salbutamol molecules as reaction reductants.
The free radical life of OH,, O?,, luminol and target molecules can be as short as 10~ 15 s, therefore,
free radical trapping agent (5,5-dimethyl-1-pyrroline N-oxide, DMPO) was added to the reaction
solution, and the ESR spectra of the reaction system was determined under nitrogen protection.
The results showed that resonance spectra types of the free radicals in these systems were R, or RO,
type, which verified the existence of free radicals of luminol and target drug molecules. Figure 6a is
the ESR spectrum of luminol radical in the Ni (IV)-Luminol system. Figure 6b is the ESR spectrum of
Ni (IV)-Luminol-Salbutamol system. It can be seen from the diagram that the free radicals in the two
systems are R, or RO, type, and after adding salbutamol to Ni (IV)-Luminol system, the peak area of
ESR spectrum of the system is enhanced, but the radical type remains unchanged.
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Figure 5. CL spectra of the Lu-Ni(IV)-SAL/TEB system. Reaction conditions: [Ni] = 3.0 x 10~7 M; [Lu]
=1.0 x 10~* M; [OH ] = 0.006 M; [TEB] = 1.0 x 10~ M; [SAL] = 1.0 x 10> M.
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Figure 6. ESR spectra of the (a) Ni(IV)-Lu and (b) Ni (IV)-Lu-SAL system. Reaction conditions: [Ni]
=2.0 x 1074 M; [Lu] =3.0 x 1073 M; [OH ] = 6.0 x 1073 M; [SAL] = 6.0 x 10~* M.

4.3. Reaction Mechanism

Batch experimental results in the present study, UV absorption spectra, CL spectra, and ESR
spectra of the proposed CL detection system were conducted to investigate the CL reaction mechanism
between Ni(IV) complex and luminol/salbutamol. According to these results, a CL reaction mechanism
(Scheme 1) was proposed.

It is speculated that free radical is formation in the reaction of Ni(IV) complex with
luminol/salbutamol, respectively. The produced luminol radical reacts with Ni(IV) to yield an
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unstable endoperoxide and electronically excited 3-aminophthalate anion to create chemiluminescence.
A portion radicals came from salbutamol-Ni(IV) reaction give to luminol rapidly in the course, which
leads to more luminol radicals that increase CL enhancement (Scheme 1).
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Scheme 1. Possible mechanism for the Ni(IV)-Luminol-Salbutamol CL detection system.

5. Conclusions

The proposed new CL detection system based on the CL reaction of Ni(IV) complex with luminol
incorporated with flow injection can be successfully used for salbutamol and terbutaline determination
in urine and swine feed. Complementing current methodologies, the newly developed analytical
method is more sensitive and experimental costs are lower than the HPLC and LC/MS/MS techniques.
These features implicate that the method have a wide application in the determination of other
2-agonists and veterinary drug residues in food or in biological samples. Otherwise, the possible use
of the Ni(IV) complex-luminol CL system as an HPLC and in capillary electrophoresis detection can
expand its application in other fields. Studies are now working toward this direction.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3417/8/5/663/s1,
Figure S1: Effect of Ni(IV) concentrations on CL intensity; Figure S2: Effect of [OH™] in Ni(IV) solutions on
CL intensity; Figure S3: Effect of luminol concentrations on CL intensity; Figure S4: Effect of [OH™] in luminol
solutiosn on CL intensity.
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