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a b s t r a c t

A simple, rapid and sensitive method was developed using ZnO nanoparticle (ZnO-NP) amplified flow-
injection chemiluminescence to detect carvedilol, a non-cardioselective β-blocker. It has been found that
carvedilol strongly inhibits the chemiluminescence of luminol–H2O2 catalyzed by ZnO-NPs. Under
optimum conditions, a linear working range for carvedilol concentrations from 5�10�8 to 1.0�10�6

mol L�1 (r40.9894, n¼8) was obtained with a detection limit of 3.25�10�9 mol L�1. The relative
standard deviation for 8 repetitive determinations was less than 2.9% and recoveries of 99% and 102%
were obtained. ZnO-NPs were synthesized using a green mechanochemical route. Transmission electron
microscopy and x-ray diffraction were used to characterize ZnO-NPs. The method was successfully
applied to detect carvedilol in pharmaceutical formulations.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Carvedilol, 1-(9H-carbazol-4-yloxy)-3-[2-(2-methoxyphenoxy)
ethylamino]propan-2-ol, is a nonselective adrenergic blocking agent
with 1-blocking activity indicated for the treatment of hypertension
and mild or moderate heart failure of ischemic or cardiomyopathic
origin. Its molecular structure is shown in Fig. 1. Carvedilol shows
minimal inverse agonist activity when compared with other beta
blockers and its use has been shown to decrease morbidity from
congestive heart failure [1].

Methods have been introduced to assay the presence of
carvedilol in plasma, urine and pharmaceuticals in recent years.
These include luminescence [2] HPLC–MS/MS [3], HPLC–fluorime-
try [4], differential pulse voltammetry [5], fluorimetry [6,7], and
chemiluminescence [8,9]. New attempts to introduce efficient
methods are under study.

Chemiluminescence (CL) is a phenomenon in which
chemically-generated molecules emit light in excited states. The
superior emission of CL has recently been tested for use in
biotechnology, industry, medicine, and water treatment plants
[10].The attractiveness of CL techniques lies in their simplicity,
rapidity, high sensitivity, low cost of instrumentation and

maintenance, and requiring no background light. Since CL is
directly related to the concentration of the reactants, it has been
exploited as an ultrasensitive method for quantification and
localization of chemical analytes that generate luminescence by
participating in the CL reaction. These include CL precursors,
catalysts, oxidants, cofactors, sensitizers, enhancers and inhibitors
[11–17].

Nanotechnology is rapidly expanding in industry for catalysts,
separation, luminescence, synthesis, and sensing [18–22]. Because
of their unique chemical and physical characteristics, such as high
surface area, activity, and sensitivity, nano-materials are in
demand for CL reactions as catalysts, enhancers, energy acceptors
and CL resonance energy transfer platforms [23,24].

Zinc oxide nanoparticles (ZnO-NPs) are interesting multifunc-
tional metal oxides that have a variety of applications. ZnO-NPs are
polar inorganic crystalline materials with a unique combination of
properties, including lack of toxicity, good electrical, optical and
piezoelectric behaviors, stability in a hydrogen plasma atmo-
sphere, and low cost. ZnO is a well-known semiconductor with a
wide direct band gap (3.37 eV) and a large exciton binding energy
of 60 meV at room temperature [25]. ZnO-NPs are widely-used in
solar cells, as a luminescent, in drug delivery, as an anti-bacterial
in the food industry, in electrical and acoustical devices, gas and
chemical sensors, coatings, catalysts, micro-lasers, memory arrays
and for biomedical applications [25–29].

The present study developed a novel flow-based CL method to
detect carvedilol. This method is based on the inhibition effect of
carvedilol on CL of luminol catalyzed by ZnO-NPs. It is introduced
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as a simple, rapid and sensitive method to assay the presence of
carvedilol in pharmaceuticals.

2. Experimental

2.1. Apparatus

Fig. 2 shows a schematic of flow injection analysis with
chemiluminescence (FIA-CL). The samples were pumped to a flow
cell using two 10 roller peristaltic pumps and a 6-way injection
valve (SupelcoRheodyne Model 5020) with a 900 mL sample
injection loop. Polytetrafluoroethylene (PTFE) tubes (1.0 mm id)
were used to connect all the components of the flow system. The
analyte solutions were introduced into the sample loop by means
of a plastic syringe. A R-446 photomultiplier (Hamamatsu, Japan)
was employed at �700 V.

The CL signal was recorded using a personal computer and was
reported in relative arbitrary units (au). Both the steady state CL
and fluorescence studies were done using a Cary-Eclipse fluores-
cence spectrophotometer (Varian, Australia).The x-ray diffraction
(XRD) pattern of final ZnO nanoparticles was done using an X-ray
diffractometer (XRD; GBC MMA Instruments, Australia) using
Ni-filtered Cu Kα radiation (λCu Kα¼0.15418 nm) at 35.4 kV and
28 mA with a scanning speed of 2θ¼101 min�1. The size and
morphology of the ZnO nanoparticle catalyst were obtained using
a Philips CM10 transmission electron microscope (TEM, Philips,
The Netherlands) operated at an accelerating voltage of 100 kV.

2.2. Reagents and materials

A stock solution of luminol (3-amino phthalhydrazide) was
prepared by dissolving solid luminol (Sigma, USA) in borax–NaOH
buffer with a pH of 11.8 without further purification. Doubly
distilled water was used throughout the study. Working solutions
of H2O2 were prepared daily by diluting 30% (v/v) H2O2 (Fluka,
Switzerland) in water. The 1�10�3 mol L�1stock solution of
carvedilol (Fluka, Switzerland) was prepared in methanol and

the working standard solutions were prepared by diluting stock
solution with H2O to an appropriate volume. Zinc acetate, oxalic
acid and methanol were obtained from Merck (Germany). There
was no impurity in ZnO-NPs. They were carefully weighed and
then dispersed in the solvent using an ultrasonic water bath to
obtain a homogenous solution. Other concentrations were pre-
pared using the stock solution.

2.3. Flow-injection CL detection

As illustrated in Fig. 2, the solutions containing luminol (R1),
ZnO-NPs (R2), hydrogen peroxide (R3), and carvedilol or blank
solution (R4) were pumped into flow cells at a flow-rate of
4.5 ml min�1. The concentration of analyte was quantified by
measuring the decrease in CL intensity, ΔI¼ I0� Is, where I0 and
Is are CL intensities in the absence and presence of carvedilol,
respectively.

2.4. Assay of sample preparation

Eight tablets containing 6.25 mg carvedilol were weighed and
powdered. The equivalent of 6.25 mg carvedilol was weighed with
10 mL methanol and sonicated for 10 min and centrifuged for
10 min. The supernatant was separated and the residue was
treated with a fresh portion of 10 mL methanol. The two portions
were then mixed and filtered through Millipore membranes of
0.45 mm pore size. Next, 10 mL of the filtered solution was
transferred to a flask and increased in volume with ultra-pure
water. The same procedure was applied for tablets containing
12.5 mg carvedilol. The final concentrations were 0.625 and
1.25 g mL�1 for 6.25 and 12.5 mg tablets, respectively.

3. Results and discussion

3.1. Preparation of ZnO nanoparticles

Anhydrous ZnCl2, oxalic acid [ZnC2O4 �2H2O], and NaCl were
the main raw materials. ZnCl2 and NaCl were thoroughly dried in
vacuum at 120 1C for 24 h to remove the residual and absorbed
water. For typical synthesis, 2 g of dried ZnCl2 and oxalic acid were
put into an agate mortar with a molar ratio of 2:1and 4 g of NaCl
was added to the starting materials as a diluent to form the
mixture. The starting materials were mixed and milled for 45 min
at room temperature. The precursor was calcined at 450 1C in air
in a porcelain crucible for 30 min to prepare ZnO-NPs. Removal of
the salt by-product was carried out by washing the powder with
deionized doubly distilled water and ZnO-NPs were obtained after
drying the washed powders [28,30].
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Fig. 1. The molecular structure of carvedilol.
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Fig. 2. The diagram of flow-injection system. Schematic diagram of FIA-CL manifold used for the determination of carvedilol. R1: luminol solution, R2: ZnONPs solution, R3:
H2O2 solution, R4: carvedilol or blank solution, P1, P2: peristaltic pumps, V: injection valve, F: flow cell, and PMT: Photo-multiplier tube.
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Fig. 3(a) shows the XRD patterns of washed synthesized zinc
oxide powders after calcination. The diffraction angle and intensity
of the characteristic peaks of the samples are consistent with that
of standard JCPDS Card no. 36-1451. A value of 9.5 nm was
calculated from the XRD data for the average size of the mechan-
ochemical synthesized ZnO crystallites using Scherrer's equation.
Fig. 3(b) shows TEM micrographs of ZnO-NPs prepared at 450 1C
calcination temperature. As the figure shows, the average size of
the particles resulting from this method is approximately 5–
15 nm. These particle sizes are in good agreement with XRD
measurement.

3.2. Enhancement of CL system by nanoparticles

In alkaline media, the oxidation of luminol by hydrogen
peroxide induced CL. Fig. 4 shows the effect of ZnO-NPs on CL.
In the absence of nanoparticles, a weak CL signal was observed,
but the presence of nanoparticles strongly increased the CL. The CL
spectra indicated that the maximum emission for both cases was
about 425 nm, indicating that the luminophore for CL remained in
the excited-state, 3-aminophthalte (3-APAn) [10,14,27,31]. The
addition of ZnO-NPs did not lead to the generation of a new
luminophore for the luminol system. The strong increase in CL
signal confirmed the catalytic role of ZnO-NPs.

3.3. Kinetic study of CL system

The kinetic profile of the CL reaction of luminol–H2O2 catalyzed
by ZnO-NPs in the presence and absence of carvedilol is shown in

Fig. 3. (a) XRD pattern of ZnO nanoparticles, and (b) TEM micrographs of ZnO nanoparticles calcined at 450 1C in air for 30 min.
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Fig. 4. Steady state CL spectra for the luminol–H2O2 in the a) absence (dashed line)
and b) presence of ZnO NPs (common line). Experimental condition: luminol
(5�10�4 mol L�1), H2O2 (4�10�3 mol L�1), and ZnO NPs (2.5�10�5 mol L�1).
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Fig. 5. As can be seen, in the absence of carvedilol, CL of strong
intensity is observed. A significant decrease in the CL signal for
luminol–H2O2–ZnO-NPs was obtained after injecting carvedilol.
The results show that the CL reaction is a flash-type luminescence
and the time interval between the onset of CL and its peak is only
about 3.6 s. This indicates that the characteristics of the system are
suitable for FI-CL determination of carvedilol.

3.4. Possible CL mechanism

The reaction mechanism of oxidation of luminol is believed to
involve the superoxide radical O2

�� or the hydroxyl radical OH� as
the prominent intermediates leading to luminescence [32,33].
Throughout the luminol oxidation process, the presence of
oxygen-related radicals (for example, OH�, O2

��) as oxidants is
expected to occur. For the luminol–H2O2 system, oxygen-related
radicals are likely generated from H2O2. In the absence of a
catalyst, the oxidation of luminol by hydrogen peroxide in alkaline
solution is a relatively slow reaction and CL intensity is relatively
weak. It is assumed that the catalyst ZnO nanoparticles interact
with the reactants or the intermediates of the reaction of luminol
with hydrogen peroxide.

In the present study, when ZnO nanoparticles were used as
catalysts, they catalyzed the decomposition of H2O2 to make
reactive intermediates such as hydroxyl radicals (OH�) and super-
oxide anions (O2

��) [27,34]. The resulting products, such as
hydroxyl radicals, reacted with luminol to form luminol radicals
and diazaquinone, which rapidly reacted with the superoxide
anions or monodissociated hydrogen peroxide, giving rise to light
emission. This strongly increased emission.

It has been suggested that the O–O bond of H2O2 may be
broken up into double HO� radicals by virtue of the catalysis of
ZnO-NPs and the generated hydroxyl radicals are stabilized by
ZnO-NPs from partial electron exchange interactions [27,33–35].
The HO� radicals react with the luminol anions and HO2

� to
facilitate the formation of luminol radicals (L��) and superoxide
radical anions (O2

��).
Previous studies have reported that molecules with a reducing

group react readily with oxygen-containing intermediates [36–38].
The inhibition behavior of carvedilol can be attributed to the
competition of carvedilol amino groups with luminol for active
oxygen intermediates. Carvedilol interacts with ZnO-NPs to inter-
rupt the formation of luminol radicals (L��) and superoxide
radical anions (O2

��) taking place on the surface of ZnO-NPs and
decreases CL intensity.

3.5. Optimization of factors affecting CL intensity

Fig. 6(a)–(d) show the results of the effect of variables affecting
CL intensity. The concentration of luminol, hydrogen peroxide,
nanocatalyst, pH, and flow rate provide information that allows
optimization of the FIA-CL reaction condition.

3.5.1. Effect of concentration of luminol
Evaluation of luminol concentration at 8�10�6 to

2.5�10�3 mol L�1 showed an increase in CL intensity as the
luminol concentration increased to 6�10�4 mol L�1(Fig. 6(a)).
Above this concentration, the CL signal decreased gradually as a
result of the self-quenching of luminol. Thus, 6�10�4 mol L�1

was selected for all following experiments.

3.5.2. Effect of hydrogen peroxide
Evaluation of the oxidant concentration from 1�10�4 to

2�10�2 mol L�1 shows that the decrease in CL signal at H2O2

concentrations greater than 6�10�3 mol L�1 may be a result of
fast decomposition of luminol (Fig. 6(b)). A concentration of
6�10�3 mol L�1 was thus selected for subsequent experiments.

3.5.3. Effect of concentration of ZnO-NPs
To investigate the effect of catalyst on CL, ZnO-NPs concentration

was varied from 1�10�6 to 5.5�10�5 mol L�1. It was found that an
increase in nanoparticles concentration up to 2.5�10�5 mol L�1

increased the CL intensity. At higher concentrations, a considerable
decrease in intensity was observed. Fig. 6(c) shows the variation in
intensity as a function of ZnO-NP concentration.

3.5.4. Effect of pH
The pH of the solution influenced the intensity of the CL

reaction. The pH of the buffer solution was varied from 9.5 to
12.5. Maximum CL intensity is obtained at 11.8 in the borax–NaOH
buffer solution as indicated in Fig. 6 (d). A pH of 11.8 was thus
chosen as the optimum pH.

3.5.5. Effect of flow rate
The effect of flow rate on the CL reactionwas also examined. Fig. 6

(e) shows that the relative CL intensity continues to increase as the
flow rate increases from 1.0 to 6 mL min�1, probably because the
reaction is very fast. A high flow rate may create a strong decrease in
the CL signal. A 4.5 mL min�1

flow rate was chosen by considering
the sensitivity, reagent consumption and reproducibility.

3.6. Validation method

3.6.1. Analytical performance
A calibration curve was obtained for carvedilol detection by

plotting the CL signal versus carvedilol under optimum conditions.
This produced a linear range from 5�10�8 to 2.0�10�6 mol L�1

with a correlation coefficient of 0.9894 (n¼8). The detection limit
was calculated as the amount of carvedilol required to yield a net
peak 3 times the standard deviation of the background signal (3∂)
and was found equal to 3.25�10�9 mol L�1. The relative standard
deviation for 8 repetitive detections was less than 2.9%, indicating
good reproducibility. LOD (limit of detection) is the compound
concentration that produces a signal-to-noise ratio of 43 and the
limit of quantitation (LOQ) is the concentration equal to 10 times
the value of the signal-to-noise ratio. LOD and LOQ values for the
proposed method based upon these criteria are shown in Table 1.

3.6.2. Analysis of pharmaceuticals
The proposed method was applied to detect the presence of

carvedilol in commercial pharmaceutical samples containing 6.25
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and 12.5 mg of carvedilol, respectively. Recovery rates of about 99%
and 102% are obtained at 6.25 and 12.5 mg, respectively, and the
results are shown in Table 2. Each concentration was the mean of five
determinations and was tested repeatedly for 3–5 consecutive days as
a part of inter-day validation.

3.6.3. Interference studies
The interference effect of the coexistence of substances expected

to be present in the biological matrices or the pharmaceutical
preparation was examined. These substances included ampicillin,
hydrochlorothiazide, galactose, lactose, fructose, sucrose, glucose, all

Table 1
Comparative table for carvedilol determination.

Instrumental methodology LOD (mol L�1) LOQ (mol L�1) LOL (mol L�1) Samples Ref.

Luminescence (Tb III complex ) 3.2�10�7 1.2�10�8 9.8�10�3 Pharmaceuticals [2]
HPLC–MS/MS WD 2.4�10�10 4.9�10�7 Human plasma [3]
HPLC–fluorimetry 8.8�10�10 3.2�10�9 WD Rat plasma [4]
Differential pulse voltammetry 2.4�10�8 6.1�10�7 2.4�10�7 Tablets dosage form [5]
Synchronous fluorimetry 2.4�10�9 1.2�10�8 2.8�10�7 Medicine dosage [6]
FI-fluorimetry 3.63�10�9 9�10�8 1�10�6 Pharmaceuticals [7]
FI-CL (luminol-hypochlorite) 8.7�10�9 1.2�10�7 3�10�6 Pharmaceuticals [8]
FI-CL ((Ru(bpy)–KMnO4) 6.2�10�8 9.8�10�8 2.5�10�6 Pharmaceuticals [9]
FI-CL(luminol–ZnO NPs) 3.25�10�9 5�10�8 1�10�6 Pharmaceuticals This Work

HPLC–MS/MS: high performance liquid chromatography with tandem mass spectroscopy. WD: without datum. FI: flow-injection. LOD: limit of detection. LOQ: limit of
quantification. LOL: limit of linearity.
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Fig. 6. (a) Effect of luminol concentration on CL intensity, (b) effect of hydrogen peroxide concentration on CL intensity, (c) CL intensity as a function of ZnO NPs, (d) effect of
pH on CL intensity, and (e) effect of flow rate on CL intensity.
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of which had no considerable interference effect on the assay of
carvedilol.

4. Conclusion

A rapid, simple and sensitive flow-based method has been
developed to assay the presence of carvedilol, a non-cardio-
selective β-blocker. This method is based on the inhibition effect
of carvedilol on the chemiluminescence of luminol. ZnO-NPs were
synthesized by a green mechanochemical method and used as a
mimic peroxidase catalyst. Under optimum conditions, a linear
working range for carvedilol concentrations from 5�10�8 to
1.0�10�6 mol L�1 (r40.9894, n¼8) was obtained with a detec-
tion limit of 3.25�10�9 mol L�1. This method was applied suc-
cessfully to detect carvedilol in pharmaceutical formulations.
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Table 2
Analysis of carvedilol tablets.

Sample
(n¼8)

Nominal quantity
(mg)

Carvedilol found
(mg)a

Recovery
(%)

1 6.25 6.27 100.3
2 6.25 6.30 100.8
3 6.25 6.34 101
4 6.25 6.21 99
5 12.5 12.6 100.8
6 12.5 12.4 99.2
7 12.5 12.8 102
8 12.5 12.4 99.2

a Mean of five determinations.
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