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ABSTRACT: Terbium-acetylacetone (Tb–acac) composite nanoparticles were synthesized using the ultrasonic method. The
nanoparticles are water-soluble, stable and have extremely narrow emission bands and high internal quantum efficiencies.
They were used as fluorimetric probes in the determination of salicylic acid (SA), based on the fluorescence enhancement of
nanoparticles through fluorescence resonance energy transfer (FRET). The influence of buffer solution was investigated.
Under the optimum conditions, a linear calibration graph was obtained over the SA concentration range 5 × 10–7–1 × 10–4 mol/L.
The limit of detection was found to be 2.5 × 10–8 mol/L. The relative standard deviation (RSD) for six repeated measurements
of 1 × 10–4 mol/LSA was 1.75%. The method was applied to the determination of SA in pharmaceutical formulations and
human plasma. We believe that the proposed approach has great potential for clinical purposes. Copyright © 2008 John Wiley
& Sons, Ltd.
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Introduction
Salicylic acid (SA; Fig. 1) is the main metabolite of acetylsalicylic
acid (ASA) (1), one of the drugs most widely used as a painkiller
and anti-inflammatory (2–4). ASA is hydrolysed to salicylate in
the stomach as soon as it enters the blood circulation (5). The
acid and its salts (salicylates) occur naturally in many plants;
concentrated sources include willow bark and oil of wintergreen.
Various pharmacopeias (6) recommend that the maximum limit
of SA in aspirin should be 0.1%.

To determine the SA content in pharmaceutical preparations
and human serum samples, several methods have been
described in literature. These include high-performance liquid
chromatography (HPLC) coupled with chemiluminescence (CL)
detection (7), cyclic voltammetry and differential pulse
voltammetry (DPV) (8), capillary zone electrophoresis (CZE) with
diode array detection (DAD) (9). However, in many cases, the
disadvantages of these methods are limited analytical
applications due to fewer CL reactions, interference from excess
use of some derivatization reagents, undetectable compounds
due to the incompatibility of the mobile phase with CL reactions
(e.g. HPLC–CL), interferences resulting from foreign species
being as charged component of the instrument (e.g. DPV), and
poor concentration sensitivity because of the small volume and
short light path (e.g. CZE).

A number of methods, e.g. the solid-phase spectrophotometric
(SPS) technique (10), the flow-injection analysis–atomic absorption
spectroscopy (FIA–AAS) method (11), CZE (12), solid-phase
extraction (SPE)–reversed phase (RP) HPLC–electrospray
ionization mass spectrometry (ESI–MS)/fluorescence detection

(FLD)/DAD (13), and sequential injection chromatography (SIC)
(14) have been reported for the determination of SA, as well as
for the simultaneous determination of this chemical with other
anti-inflammatory agents. Apart from the methods mentioned,
new methods have also been put forward in recent articles.
Derivative-ratio spectrophotometry (D-RS) (15), CL optosensing
(16) gas chromatography–mass spectrometry (GC–MS) (17), FT-
Raman spectroscopy (18), bienzymatic sensing (19), capillary
electrophoresis (CE) (20) and semi-micro column HPLC-UV (21)
methods have been developed for the assay of SA.

Fluorescence spectroscopy is widely used in different fields of
chemical analysis owing to its high sensitivity and selectivity
and simple instrumentation. Several fluorimetric methods have

Figure 1. Structure of salicylic acid.
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been reported for the determination of SA. Spectrofluorimetry–
partial least-squares (PLS) for simultaneous determination of SA,
codeine (CO) and pyridoxine (PY) (22), solid phase (23), As(III)-
enhanced (24) and synchronous–PLS (25) fluorimetric methods
have also been reported. A similar fluorimetric approach was
adopted by our group (26) for the simultaneous determination
of ASA and caffeine (CAF) using the first-derivative synchronous
technique.

Fluorimetric nanoparticles (FNPs) are gaining much attention
in analytical chemistry because of their unique properties,
originating from the quantum size effect, and they are
significantly different from those of the corresponding bulk
materials in terms of sensitivity. Inorganic nanoparticles have
certain advantages of brightness, strong stability against
photobleaching and resistance to blinking (27). They have been
extensively investigated for various potential applications,
including fluorescent biological labels, photovoltaic cells, light-
emitting diodes and optical sensors. As far as application is
concerned, fluorescent inorganic nanoparticles such as ZnS,
ZnSe, CdS, CdTe and CdSe need complication procedures for
surface modification in order to make them water-soluble and
biocompatible. Composite nanomaterials have attracted the
interest of a number of researchers because of their hybrid and
synergistic properties derived from several components; either
in bulk or in solution, these materials provide unique electrical
and optical properties (28, 29). It is reported that nanoparticle
probes are brighter, more stable against photobleaching and do
not suffer from blinking, in comparison with single organic
fluorophores (30). So, there has been increasing interest in the
design and synthesis of nanoparticles as probes for applications
in biochemistry (31, 32).

The narrow line luminescence of terbium ions makes them
important components in energy-efficient optical devices (33).
Lanthanides in aqueous solution are known to be either non-
fluorescent or weakly fluorescent, due to their low molar
absorptivities and poor quantum yields (34). The problem due
to low molar absorptivity is overcome by employing the
technique of ligand-sensitized luminescence. In this technique,
the weakly fluorescent lanthanide ion is complexed with a
ligand of higher molar absorptivity. Then the ligand is excited in
its absorption band. Some of the excited energy from the ligand
is transferred to the lanthanide ion by intramolecular energy
transfer. Various ligands have been used to sensitize and
enhance lanthanide fluorescence (35, 36). Arnaud and Georges
(37) reported terbium-sensitized luminescence for the
determination of SA. This method, although it had high
sensitivity, was absolute lacking in application to real samples
and interference studies.

In this work, we have synthesized Tb–acetylacetone (acac)
composite nanoparticles, using the ultrasonic method.
Ultrasonic irradiation can be used extensively to generate novel
materials with unusual properties because ultrasonic irradiation
causes the formation of particles with a much smaller and
higher surface area (38). We used acac, which has high
absorptivity, as a ligand. The nanoparticles are water-soluble,
stable and have extremely narrow emission bands and high
internal quantum efficiencies. They were used as fluorescence
probes in the determination of SA based on the fluorescence
enhancement of nanoparticles through fluorescence resonance
energy transfer (FRET). The influence of buffer solution on the
fluorescence intensity was investigated. Under the optimum
conditions, the fluorescence intensity of Tb–composite

nanoparticle–SA is linearly proportional to SA concentration in
the SA concentration range 5 × 10–7–1 × 10–4 mol/L. The limit of
detection was found to be 2.5 × 10–8 mol/L. The relative standard
deviation (RSD) for six repeated measurements of 1 × 10–4 mol/LSA
was 1.75%. The method was applied to the determination of SA
in pharmaceutical formulations and human plasma samples.

Experimental

Reagents

Deionized water (MilliQ Water System, Millipore, USA) and analytical-
grade solvents and reagents were used for all experiments,
unless otherwise stated. SA was obtained from Sigma-Aldrich
(USA). The SA stock solution of 1 × 10–3 mol/L was prepared by
dissolving the appropriate weight in deionized water; it was
stored away from light at 4°C. TbCl3 solution of 1 × 10–2 mol/L
was prepared by dissolving terbium(III) chloride hexahydrate
(Aldrich, USA) in double-distilled water. Acetylacetone (acac)
(Sigma-Aldrich, USA) was distilled just before use and prepared
in ethyl alcohol. Potassium persulphate (KSP) was acquired from
Acros. Phosphate buffer solution, pH 7.2, was prepared as
follows: 36.0 mL 0.2 mol/L Na2HPO4 and 14.0 mL 0.2 mol/L
NaH2PO4 were transferred into a 100 mL standard flask and
diluted to the mark with water.

Apparatus

All the spectrofluorimetric measurements were conducted with
a SPEX Fluorolog-2 spectrofluorometer (Model F111, SPEX
industries, Edison, NJ, USA). The spectrometer used a 450-W
Xenon lamp (Model XBO 450 W/1, Osram, Germany) as the
excitation light source and a photomultiplier tube (Model R928,
Hamamatsu, Japan) powered at 950V as the detector. Excitation
and emission monochromator slit, increment and integration
time were set at 1 mm, 1 nm and 1 s, respectively. All spectral
data were obtained using an SPEX DM 3000F spectroscopy
computer. A pH meter (Model 520A, Orion, USA) was used for pH
measurements. An ultrasonic generator (Model ULH 7005, Ulsso
Hi-Tech Co. Ltd, Korea) was used in the ultrasonic preparation of
composite nanoparticles. The sample for transmission electron
microscopic (TEM) observation was prepared by doping the
dispersion on a copper grid to observe the morphology of
composite particles by TEM (Model CM-30, Phillips, New York,
USA) with an accelerating voltage of 100 kV.

Procedure

The Tb–acac composite nanoparticle was prepared as follows
(39). The synthesis of the composite nanoparticles was
performed in a 1 L three-necked round-bottomed flask. 620 mL
water and 13.0 mL 1 × 10–2 mol/L TbCl3 were added the flask.
Under vigorous stirring, 6.5 mL 6 × 10–2 mol/L acac and then
0.0004 g KSP were added to the mixture dropwise. The pH was
adjusted to about 7.5, using 0.1 mol/LNaOH. The composite
nanoparticles were prepared under ultrasonic irradiation within
30 min. Before being irradiated with 20 kHz output frequency at
700 W output power, the flask was purged with nitrogen to
eliminate the oxygen in it.

The nanoparticles are water-soluble and stable at room
temperature for at least 1 month. They were used as fluorimetric
probes for the determination of SA. The following procedure
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was adopted. To a 10 mL volumetric flask, 2.0 mL buffer, pH 7.2,
a certain volume of nanoparticles, and an appropriate volume
of SA were added. The mixture was diluted to the volume with
water and mixed before the fluorescence intensity was measured.
The excitation wavelength was set at 345 nm and the emission
wavelength at 559 nm.

Results and discussion

TEM image and UV spectral characteristics

In order to investigate the particle size, the image of terbium
composite nanoparticles was obtained by TEM, as shown in Fig. 2.
TEM was recorded on a Phillips CM-30 with an accelerating
voltage of 100 kV. The samples were dispersed in ethanol and
the dispersion was dropped onto a copper grid. From Fig. 2, the
average diameter of the Tb–acac composite nanoparticles is
about 25 nm. In addition, the TEM image shows that the
nanoparticles are homogeneously distributed and not
aggregated. It has been known that the sonochemical reaction
occurs in solution, yielding Tb–acac nanoparticles, because the
TbCl3 and acac may well react under extreme conditions of
sonification. Ultrasonic waves are intense enough to produce
cavitation that can drive chemical reactions (40).

In order to understand better the formation of composite
nanoparticles in solution, the ultrasonic irradiated solution was
taken at different sonication times for absorption spectrum
measurements and the spectrum was compared with that of
terbium and acac. Figure 3 shows the UV-vis absorption spectra
of terbium, acac and terbium–acac composite nanoparticles with
particle size of about 25 nm. An aqueous solution of terbium has
a low absorption peak at 217 nm and acac has a characteristic
peak at 260 nm. It can be observed that at a sonication time of
30 min, the spectrum of terbium composite nanoparticle has
two clearly resolved peaks at 244 nm and 286 nm, which can be
indicative of formation and an increase in the amount of
terbium composite nanoparticles in the solution.

Characteristics of fluorescence spectra

In order to investigate the spectral characteristics, excitation and
emission spectra of Tb3+, SA, Tb3+–acac composite nanoparticles
and Tb3+–acac composite nanoparticle in the presence of SA
were recorded in solution at pH 7.2, using a SPEX Fluorolog-2
spectrofluorometer; the concentrations of Tb3+ (represented by
the concentration of Tb3+–acac existing in single molecules) and
SA were fixed at 3 × 10–4 and 1 × 10–4 mol/L, respectively. Final
excitation and emission maxima selected for calibration of SA
were 345 and 559 nm, respectively. Figure 4A (1′) shows the
weak emission peak of Tb at 545 nm when excited at 345 nm (1),
shown in Fig. 4A. In order to avoid direct excitation of Tb3+ (41),
the disturbance of the scattered excitation light and the inner
filter effect (42), we selected 345 nm rather than 259 nm. As can
be seen in Fig. 4B, the emission spectrum (3′) of SA (λem/
λex = 381/307 nm) is seriously overlapped with the excitation
spectrum of Tb3+–acac particles (2).

Tb–acac composite nanoparticles show an emission band at
559 nm (spectrum 2′) at an excitation wavelength of 345 nm
(spectrum 2), as shown in Fig. 4B. It can be seen that the
emission intensity of composite nanoparticles was three times
higher than the emission intensity of free Tb3+. In comparison
with spectrum 2′ (the emission spectrum of Tb–acac particle)
shown in Fig. 4B, spectrum 4′, shown in Fig. 4C, clearly indicates
that the emission intensity of Tb–acac composite nanoparticles
at 559 nm increases drastically (about 318-fold) in the presence
of SA when excited at 345 nm (spectrum 4). It can be observed
that the most intense band was located at 559 nm, so 559 nm
was selected for the emission wavelength. The results show that
the broad emission band of SA decreases, while the narrower
emission band of Tb3+–acac particles appears after SA is added
to the Tb–acac composite nanoparticles solution. The emission
intensity is also more intense than that of uncomplexed SA.
Therefore, it is feasible to determine SA by the terbium–
composite nanoparticle-sensitized luminescence method.

Based on the experiments, it can be suggested that SA is an
ideal ligand for Tb3+ ion and it is possible to sensitize the
fluorescence intensity of Tb–acac composite nanoparticle via
intramolecular energy transfer (43). According to the FörsterFigure 2. TEM image of Tb–acac composite nanoparticles.

300

Figure 3. UV-visible absorption spectra of: (a) Tb; (b) acac in aqueous solution;
and (c) Tb–acac composite nanoparticles dispersed in aqueous solution with particle
size ≈ 25 nm. Conditions: 3 × 10–4 mol/L as the concentration of nanoparticles (rep-
resented by the concentration of Tb–acac existing in single molecules).
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non-radiation energy transfer theory (44), the rate of energy
transfer depends upon the extent of overlap of the emission
spectra of the donor with the excitation spectra of the acceptor
and the distance between them. Energy transfer easily occurred
between SA and Tb3+–acac composite because of the strong
spectral overlap between the fluorescence spectra of donor (SA)
and the excitation spectra of accepter (Tb–acac particles).

It can be further mentioned that the coordination number of
Tb3+ is generally eight (45). It can be suggested that there are
still a lot of positive charges and blank orbits in Tb3+. Because SA
exists as an anionic state in solution (pH 7.2), it can combine
with the composite nanoparticles via electrostatic interaction.
Because of the effect of packing and cooperation in the ternary
complex, the energy transfer can more easily occur and the non-
radioactive energy loss can be greatly decreased. Therefore, the
fluorescence intensity of Tb3+ at 559 nm can be enhanced
several times.

Effect of pH on the fluorescence intensity

The pH factor can play a role in determining the sensitivity of
our analysis because it affects the quantum yield of the
fluorescent probe. The fluorescence intensity was examined
over the pH range 5.8–8.2. The pH of buffer solution was
adjusted using 0.2 mol/L Na2HPO4 and 0.2 mol/L NaH2PO4

solutions. The volume of added buffer was fixed to 2 mL.
Figure 5 shows that the fluorescence of Tb–acac composite
nanoparticles in the presence of SA is sensitive to pH. The
intensity is significantly enhanced by increasing the pH of the
phosphate buffer solution from 5.8 to 7.2. Fluorescence intensity
was maximized at pH 7.2. It is considered that at this pH range
SA tends to ionize and full ionization (99–100%) occurs at pH 7.2
(46). This phenomenon will help SA to combine with positively
charged nanoparticles via electrostatic interaction. As a result,
more energy transfer from SA occurs and the radiationless
energy loss can be greatly decreased with an increase in the
fluorescence intensity. However, above pH 7.2 the fluorescence
intensity tends to decrease, due to the competition of the
anionic buffer species for the active sites of the nanoparticles.
On the basis of these results, it is preferable to conduct such
experiments at pH 7.2.

Calibration curve for salicylic acid

In order to evaluate the analytical characteristics of this method,
we obtained a calibration curve by plotting the logarithm of the
SA concentration vs. fluorescence intensity. Twelve standard
solutions were prepared for the calibration curve. These were

Figure 4. (A) Excitation (1) and emission (1′) spectra of Tb3+: [Tb3+] = 3 × 10–4 mol/L,
λex/λem = 345/545 nm. (B) Excitation (2,3) and emission (2′,3′) spectra of Tb–acac
composite nanoparticle and SA: [Tb–acac composite nanoparticles] = 3 × 10–4 mol/L,
λex/λem = 345/559 nm, pH 7.2; [SA] = 1 × 10–4 mol/L, λex/λem = 307/381 nm. (C) Excita-
tion (4) and emission (4′) spectra of Tb–acac composite nanoparticles in the presence
of SA: [Tb–acac composite nanoparticles] = 3 × 10–4 mol/L; [SA] = 1 × 10–4 mol/L, pH 7.2;
λex/λem = 345/559 nm.

Figure 5. Effect of pH on the fluorescence intensity of Tb–acac composite nano-
particles–SA (λex/λem = 345/559 nm). [SA] = 1 × 10–4 mol/L; [Tb3+] = 3 × 10–4 mol/L
(represented by the concentration of Tb3+–acac existing in a single molecule).



Determination of SA by Tb composite nanoparticles

Luminescence 2008; 23: 417–423 Copyright © 2008 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/bio

421

the optimum conditions: Tb3+, 3 × 10–4 mol/L (represented by
the concentration of Tb3+–acac existing in single molecule) and
pH 7.2. The calibration curve (Fig. 6) showed a linear relationship
over SA concentrations of 5 × 10–7–1 × 10–4 mol/LSA. Above this
concentration the inner filter effect and/or quenching
apparently cause some deviations from linearity (47). Linear
regression analysis, using the method of least squares treatment
of the calibration data (n = 6) was made to evaluate slope,
intercept and correlation coefficient. The regression of log(X ) vs.
fluorescence intensity (Y ) gave the following linear regression
equation: Y = 3.833E7 + 4.910E6 Log(X ), with a correlation
coefficient (R) of 0.9991. The limit of detection as defined by
IUPAC, CLOD = 3 Sb/m (where Sb is the standard deviation of the
blank signals and m is the slope of the calibration graph), was
found to be 2.5 × 10–8 mol/L. The relative standard deviation
(RSD) for six repeated measurements of 1 × 10–4 mol/LSA was
1.75%. In comparison with other methods based on various
analytical techniques for the determination of SA, the proposed
Tb–acac method provides a wider dynamic linear range and a
lower detection limit. The results are shown in Table 1.

Interference studies

In a real sample, the analyte under investigation will be in the
presence of interferents. They may suppress or enhance the

fluorescence signal, although they have no significant effect on
the intensity. In order to investigate the selectivity of the
proposed method, a systematic study of the effects of various
interferents on the fluorescence of the Tb–acac composite
nanoparticles–SA was carried out under optimum conditions.
These were the optimum conditions: Tb3+, 3 × 10–4 mol/L
(represented by the concentration of Tb3+–acac existing in single
molecule); pH 7.2 for SA. The analyte concentration was fixed at
2 × 10–6 mol/L for SA. The criterion for interference was fixed at
a ± 10 variation of the average fluorescence intensity calculated
for the established level of SA; the experimental results are
shown in Table 2. From Table 2 it can be seen that most
interferents were found to show no influence.

Analytical applications

We tested the application of our proposed method by using it
for the practical analyses of SA in pharmaceutical formulations
and plasma samples. Five tablets (for SA) were weighed and
ground. An accurately weighed amount of 525 mg SA powder
was transferred into a beaker. The powder was dissolved with
deionized water and the solution was filtered. Finally, the
solution was diluted appropriately to meet the linear range and
analysis was conducted by the procedure described above. The
analytical recovery of SA by the proposed method was

Table 1. Comparison of the dynamic linear range and detection limit for SA afforded by the proposed
method and other reported methods

Method Linear range (mol/L) LOD (mol/L) Ref.

CZE–DAD 3.62 × 10–5–3.62 × 10–3 7.24 × 10–6 9
DPV 7.24 × 10–6–4.35 × 10–4 6.5 × 10–7 8
FIA–AAS 2.90 × 10–5–5.43 × 10–4 11
Semi-micro column HPLC–UV 3.62 × 10–6–4.15 × 10–4 2.75 × 10–7 21
SIC 2.24 × 10–5–2.17 × 10–3 7.24 × 10–6 14
D–RS 3.62 × 10–4–1.08 × 10–3 15
CL 7.24 × 10–6–2.17 × 10–4 2.17 × 10–6 16
GC–MS 3.62 × 10–7–5.43 × 10–6 17
Tb–acac–SA–FL 5 × 10–7–1 × 10–4 2.5 × 10–8 Proposed

Figure 6. Calibration curve of SA. [Tb3+] = 3 × 10–4 mol/L (represented by the con-
centration of Tb3+–acac existing in a single molecule) and pH 7.2. Inset shows the
linearity of calibration curve.

Table 2. Effect of interfering substances

Interferents Tolerable 
concentration (mol/L)

Change in 
FL intensity (F%)

Ascorbic acid 2.5 × 10–4 2.1
Caffeine 5 × 10–5 3.55
Paracetamol 4 × 10–4 3.50
Codeine 1.2 × 10–5 4.10
Glucose 2.5 × 10–4 2.1
Zn(II) 3 × 10–3 –0.75
Cu(II) 2.5 × 10–3 –1.45
Boric acid 5 × 10–4 3.15
Lactic acid 3.5 × 10–5 4.53
Nicotinamide 3.5 × 10–4 3.95
Saccharin 3 × 10–4 3.1
ASA 4.5 × 10–5 3.61
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determined by analysis of the drug after spiking three amounts
of the standard SA in the real samples. A triplicate determination
of each concentration was conducted. The results are shown in
Table 3. The obtained SA value was in agreement with the value
provided by the manufacturer. The percentage recovery was
found to be in the range 98.5–101.0% for SA.

A healthy volunteer had a single oral dose of 525 mg bismuth
subsalicylate (2 chewable tablets) under fasting conditions and
then after 5 h a plasma sample was investigated. 2 mL
acetonitrile was added to the plasma sample for deproteination.
It was blended on a vortex mixer and centrifuged at 3000 r.p.m.
for 10 min. The protein-free supernatant was transferred into a
small conical flask and evaporated to dryness under a stream of
nitrogen at room temperature. The dry residue was dissolved in
10 mL deionized water. The solution was properly diluted in
order to make concentrations of the drug within the linear range
of the determination. The recoveries of plasma samples
containing SA were determined by the standard addition
method (Table 4) (48). We spiked plasma samples at
concentration ranges in the same order as the typical
therapeutic concentration ranges [16.5–9.7 μg/mL is a mean
peak plasma SA concentration level 2–5 h after a typical subject
takes a single oral dose of 525 mg bismuth subsalicylate under
fasting conditions (Helidac Clinical Pharmacology)]. As can be
seen in Table 4, the results obtained for the drug are fully
satisfactory, which proves the potential of the proposed
approach for the determination of SA in biological fluids.

Conclusions
We describe a simple assay based on sensitized luminescence of
Tb–acac composite nanoparticles for the selective detection of
SA. The fluorescence of Tb–acac at 559 nm is sensitized because
of the energy transfer from the analyte investigated. To evaluate
the factor that affects the sensitivity of detection, the pH of
solution has been optimized. Under optimum conditions, the
method shows good linearity over the range 5 × 10–7–1 × 10–4

mol/LSA. The LOD for SA at S:N ratio 3 is 2.5 × 10–8 mol/L. In
addition, the concentration of SA in human plasma is estimated
by our proposed method. The results imply that the proposed

method has great potential for use in the selective analysis of
anti-inflammatory drugs in biological samples and clinical
applications. Our future goal includes using the fluorimetric
probe for sensing anti-inflammatory drugs in biological samples
that are separated by capillary electrophoresis with FL detection.
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