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Medicine

Medicine safety has become a large concern and prompts an urgent need to develop a rapid, simple and sensitive
analytical method, which can monitor excessive preservatives in medicine. In this work, dispersive liquid-liquid
microextraction (DLLME) was combined with surface enhanced Raman scattering (SERS) for a quick analysis of a
kind of preservatives, sodium benzoate, in ibuprofen oral solution. The experimental parameters affecting
DLLME were systematically investigated. Under the optimal conditions, the whole procedure, including DLLME

and the SERS analysis, could be carried out within 10 min. A good linearity between the concentration of sodium
benzoate ranging from 10 to 500 mg L~ and the SERS signal intensity could be obtained, and the correlation
coefficient (R%) 0.9986. The method detection limit was 0.56 mg L~ L. The relative standard deviation was less
than 6.33% for ten replicates at the same sample concentrations. The analytical results prove that the method is
suitable for rapid determination of sodium benzoate in ibuprofen oral samples.

1. Introduction

Preservatives are a type of additive added to perishable products to
maintain quality and prolong shelf life. Benzoic acid (BA) and its salt,
the most commonly used additives, have been widely used as pre-
servatives in foods, beverages, cosmetics, personal care products and
oral or parenteral medicines [1-5]. Benzoic acid is used in oral medi-
cines up to 0.15% while sodium benzoate is permitted in oral medicines
up to 0.5% [6]. Although sodium benzoate is generally recognized as
safe additive, the excessive use could lead to metabolic acidosis, con-
vulsions and hyperpnoea in humans [7]. Moreover, these preservative
residues can be considered as environmental contaminants, which in-
creases the cost of wastewater treatment [8,9]. Compared with adults,
children are at higher risks due to high quantity intake per kg body
weight. A study funded by Britain's Food Standards Agency has re-
ported that artificial preservatives are causes of hyperactivity in chil-
dren [10,11]. Thus, it is necessary to control strictly the content of
sodium benzoate in children's medicines, such as ibuprofen oral solu-
tion and so on.

Sample preparation procedures are usually necessary before an in-
strumental analysis, especially for the quantifying trace level compo-
nents in complex samples. Conventional techniques, such as liquid-
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liquid extraction (LLE) [12] and solid phase extraction (SPE) [13], are
time-consuming and often involve the use of large volumes of organic
solvents, which are considered expensive, time-consuming, labour-in-
tensive and harmful to human health and the environment. Recent
research activities are oriented towards the development of efficient,
economical, and miniaturized sample preparation methods. As a result,
solid-phase microextraction (SPME) [14], liquid phase microextraction
(LPME) [15] and hollow fiber liquid phase microextraction (HF-LPME)
[16] have been developed. However, most of these methods require
considerable extraction time to obtain satisfactory extraction efficiency.
Disperse liquid-liquid microextraction (DLLME) has been introduced by
Rezaee and co-workers in 2006 [17,18], it has become a very popular
environmentally benign sample-preparation technique for a wide range
of organic compounds and metal ions in different liquid samples due to
its simple, time-saving, environmental-friendly, and low-cost [19].
DLLME is an efficient LPME technique that involves the use of extrac-
tion solvent and disperser solvent. In a typical DLLME process, when a
mixture of extraction solvent and disperser solvent is rapidly injected
into an aqueous sample solution, a cloudy solution is formed due to the
dispersion of the extraction solvent into fine microdroplets throughout
the aqueous sample, which results in a significant increase in the sur-
face area between the extraction solvent and the aqueous sample. This
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enhanced contact surface area allows for improved extraction effi-
ciency, accelerated mass transfer of analytes, and very short equili-
bration time [20]. After centrifugation, the sedimented phase con-
taining the extraction solvent and extracted analytes is analyzed using
gas chromatography-mass spectrometry (GC-MS) [21], high perfor-
mance liquid chromatography (HPLC) [22], or HPLC-mass spectro-
metry (HPLC-MS) [23].

Instrumental strategies have been reported to detect these benzoic
acid or sodium benzoate such as GC [24,25], capillary electrophoresis
(CE) [26,27], micellar electrokinetic chromatography [28] and HPLC
[29]. These assays usually require expensive apparatus, skilled opera-
tors and time-consuming pretreatments. Therefore, they are not sui-
table for rapid screening of preservatives in a variety of drugs. On the
contrary, surface-enhanced Raman scattering (SERS) is a rapid vibra-
tional spectroscopic technique with the advantages of high sensitivity
and fingerprint recognition, which make it an ideal method for the
quick detection of low-concentration analytes [30]. SERS is based upon
conventional Raman spectroscopy, but overcomes its low sensitivity by
utilizing tremendous surface enhancement effects of Raman scattering
signals for analyte adsorbed onto specially treated nanostructured
metallic substrate [31]. The surface plasmon resonance excited between
the nanoparticles, such as silver or gold nanoparticles (Ag-NPs or Au-
NPs), results in strong enhancement of the SERS signal. In general,
these SERS active substrates can be easily synthesized using a chemical
reduction method.

Previous work from our laboratory dealt with determination of
benzoic acid in carbonated beverages, using thin film microextraction
(TFME) followed by SERS. In this work, a rapid, convenient and sen-
sitive method has been developed for the preconcentration and de-
termination of sodium benzoate in ibuprofen oral solution using DLLME
combined with SERS. Tributyl phosphate (TBP) was used as the ex-
traction solvent for DLLME of sodium benzoate in a homemade glass
conical test tube. After centrifuge, the organic extractant was directly
detected by SERS.

2. Experimental
2.1. Chemicals and materials

Analytical grade sodium benzoate (CsHsCOONa), chloroform,
carbon tetrachloride, chlorobenzene were bought from the Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Different concentration
stock solutions of C¢HsCOONa were prepared by dissolving it in pure
water and gradually diluting to the final concentration in the range of
10-500 mg L~ '. Tributyl phosphate (TBP, AR. =99%) was purchased
from Aladdin Chemistry Co., Ltd. HPLC-grade methanol, ethanol,
acetonitrile and acetone were obtained from Sinopharm Chemical
Reagent Co., Ltd. Pure water was obtained from a Simplicity Water
Purification Systems (Millipore, Molsheim, France).

2.2. Instrumentation

Transmission electron microscope (TEM) images of the silver na-
noparticles (Ag-NPs) were acquired using a JEM-1400 microscopy
system (JEOL, Japan). The centrifugation of the cloudy solutions was
performed on a TD6 centrifuge (Changsha, China). SERS spectra were
recorded using a commercial portable Raman spectrometer (DeltaNu
Inspector Raman, USA).

HPLC experiments were performed using a prominence-I LC-2030C
3D machine (Shimadzu, Kyoto, Japan) equipped with a LC-2030C de-
gasser, LC-2030C autosampler, LC-2030C column oven and SPD-M20A
diode array detector. An HPLC Shim-pack VP-ODS-C;g column
(150 x 4.6 mm, 5um) from Shimadzu Japan was selected for the se-
paration, UH5300 Double Beam Spectrophotometer (Hitachi, Japan)
was determined the maximum of absorption wavelength.
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2.3. Preparation of Ag-NPs

The Ag-NPs for SERS was synthesized by the reduction of AgNO3
with sodium citrate. The size of Ag-NPs can be controlled by the ratio of
AgNO3 to sodium citrate. Briefly, 250 mL of aqueous solution con-
taining 90 mg AgNO3 was first heated to boil, and then 10 mL of 1%
sodium citrate was quickly injected into the above boiling solution.
After refluxing for 30 min, the resultant yellow-green colloid was
cooled to room temperature and then transferred for further experi-
ments. The concentration of the resultant silver colloid was
0.3mmol L™ !. The Ag-NPs was concentrated before used as following:
1.0 mL of silver hydrosol was centrifuged at 4000 rpm for 15 min to
obtain 30 pL of silver colloid by removing the supernatant.

2.4. Measurement of sodium benzoate by DLLME and SERS

All SERS measurements were performed using a commercial por-
table spectrometer at room temperature. The system resolution was
8 cm ™! and the Raman signal acquisition integration time was set as 1s.
The laser wavelength was selected at 785 nm with a spot size of ap-
proximately 3mm? and the signal collection was through a 10 X ob-
jective lens. Unless otherwise specified, all the SERS measurements in
this study were carried out under the same condition. Schematic re-
presentation of the DLLME-SERS detection process is shown in Fig. 1,
Five-folds diluted samples was prepared by the addition of pure water,
10 mL diluted sample was added into the homemade glass conical test
tube and then, a mixture of 30 pL. TBP and 500 pL ethanol was rapidly
injected into the diluted sample by a syringe. The tube was placed on a
vortex mixer and shaken for 2 min to form a homogeneously suspension
for better extraction. Subsequently, the solution was centrifuged at
3500 rpm for 5min, and then the upper organic phase was collected
with a micro-syringe. 10 pL extraction solution was injected on a clean
silicon wafer, and then 10 pL of concentrated Ag-NPs was dropped onto
its surface and well-mixed. SERS signals were collected 3-4 times
randomly within the SERS-active area and the data were averaged.

2.5. Measurement of sodium benzoate by HPLC

The HPLC measurement of sodium benzoate was carried out as
following: 2 mL ibuprofen oral solution sample was diluted 15 times
with pure water in a beaker, after filtered with a 0.22 ym membrane,
10 uL sample was directly injected into the HPLC system for detection.
A binary mobile phase at a flow rate of 1.0 mL min~ ! was used in the
HPLC system. The mobile phase (A) was 0.02 mol/L ammonium acetate
solution, and the mobile phase (B) was methanol. The elution program
was set as follows: 0-6 min, 85% (A), 15% (B). The detection wave-
length was set at 280 nm.

3. Results and discussion
3.1. Characterization of Ag-NPs

The synthesized silver colloid displayed a maximum absorbance
being at 417 nm (as shown in Fig. S1), Generally, the absorbance
maximum of silver colloids appears between 390 and 420 nm [32],
indicating that the synthesized colloid fits with this condition.

The morphology and size distribution of Ag-NPs could be observed
by TEM. Most of Ag-NPs synthesized are in round or spherical shape
and the size of Ag-NPs is around 56-138 nm. Although some reported
have indicated that the optimal size of Ag-NPs for SERS is around 50 nm
[33], the Ag-NPs synthesized in this work fulfill the experiment re-
quirements.

3.2. SERS characteristics

The SERS spectra obtained using DLLME-SERS were compared with
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Fig. 1. Schematic representation of the DLLME-SERS detection process.

Table 1
Comparison of SERS shifts of sodium benzoate obtained from experiments and
references.

Experimental shift Reported shift Proposed assignment  Reference
(em™) (em™)

832-836 836 8(CO0 ™) +B(C-H) [34,35]
1001 1000-1003 Ring breathing [34,35]
1134 1138 B(C-H) [35]

- 1373 vs(CO0 ™) [35]
1590 1595-1599 v(C-C) [34,35]

the direct detection of sodium benzoate (200 mg L™Y in aqueous so-
lution. 30 pL concentrated colloidal silver and 200 pL sodium benzoate
solutions were mixed in a glass tube and the SERS signal was then
measured directly. As shown in Fig. S2, no SERS signal was observed in
the liquid phase detection because of the low concentration of sodium
benzoate. Conversely, several Raman shifts appeared using DLLME-
SERS since TBP was favorable for the enrichment of sodium benzoate
from the matrix before the detection. As shown in Fig. S3, sodium
benzoate ion adsorbed on two Ag atoms through O atoms on carboxyl
groups to form a bidentate bridging structure when the Ag-NPs inter-
acted with sodium benzoate [34,35]. Comparison of the main Raman
shifts obtained using the DLLME-SERS and the related references are
given in Table 1. Most of the Raman shifts in our experiment were
consistent with the previous reports. The slight difference may be
caused by the interaction of sodium benzoate and Ag-NPs, owing to the
discrepancy in the size of the Ag clusters, and electronic effects. Sodium
benzoate bonded to Ag-NPs as CcHsCOO ~. The characteristic bands at
836cm ™! and 1373 cm ™! were assigned to COO ™ in-plane scissoring
(8(CO0 7)) and the COO™ symmetric stretching mode (vs(COO™)). The
Raman shift at 1631 cm ™! caused by the C=O0 stretching (v(C=0)) and
the O-H in-plane bending (B(O-H)) in the normal Raman spectrum
(Fig. S4a) could hardly be observed (Fig. S4b) because of the
CgHsCOO ™ form. In addition, the most obvious vibration frequency of
the Raman shift at 1001 cm ™! was assigned to ring breathing. Thus, the
intensity of Raman signal at 1001cm~' was selected for the

quantitative analysis in the subsequent experiment.

3.3. Optimization of the extraction conditions

There are different factors that affect extraction efficiency such as
extraction solvent type and volume, disperser solvent type and volume,
ionic strength, pH, and extraction time. Optimization strategy provides
a higher efficiency of the methodology.

3.3.1. Selection of the extraction solvent

Selection of appropriate extraction solvents is the first key proce-
dure for the DLLME process. Solvents differ in their extraction cap-
abilities depending on their own and the solute's physical and chemical
properties. The desired properties of extraction solvents are a high
distribution coefficient, good selectivity toward solute, and little or no
miscibility with aqueous solution. Organic extraction solvents are se-
lected on the basis of having a different density relative to water, ex-
traction capability of target compounds, low solubility in water and
miscibility with disperser solvent, and also compatibility with final
analytical instruments [36]. Traditionally, organic solvents such as
halogenated hydrocarbons have been widely used as extraction solvents
in the DLLME due to their water immiscibility, higher density compared
with water, and their extraction capability toward various target ana-
lytes. Therefore, chloroform, carbon tetrachloride, chlorobenzene and
tributyl phosphate as extraction solvents were examined in order to find
the suitable solvent for sodium benzoate in DLLME. In fact, no emulsion
was observed when CHCl; was selected as extraction solvent. Further-
more, there were no SERS signals observed when CCl, and C¢HsCl were
selected as extraction solvents. Although stable cloudy solutions could
be formed in these two extraction system and organic extraction sol-
vents could be separated from sample matrix after centrifugation, few
sodium benzoate might be partitioned into CCl4 or C¢HsCl. TBP has a
better extraction effect on sodium benzoate due to complexation reac-
tion [37] between sodium benzoate and TBP, therefore, TBP was chosen
as the extraction solvent for the following experiments.
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Fig. 2. Optimization of the DLLME extraction conditions: (a) SERS signals of sodium benzoate at 1001 cm ™! using different disperser solvents in the DLLME
procedure; (b) effects of the volume of TBP; (c) effects of the volume of ethanol; (d) effects of pH; (e) effects of NaCl; (f) effects of extraction time; DLLME conditions:
sodium benzoate concentration, 200 mg L~ '; sample volume, 10 mL; vibration time, 2 min; centrifugation time, 5 min.

3.3.2. Selection of the disperser solvent

The disperser solvent plays an important part in DLLME on the basis
of its miscibility in the aqueous phase and organic phase. Their addition
decreases the interfacial tension between the two phases and facilitates
the formation of fine droplets in the aqueous phase. As a result, this
phenomenon speeds up the mass-transfer process of the analytes from
the aquatic phase to the organic phase and thereby overcomes the
problem of the time taken [38]. For the sake of acquiring the most
suitable dispersive solvent, four kinds of dispersive solvents, namely,
acetonitrile, acetone, ethanol, and methanol were studied (Fig. 2a).
Ethanol, acetonitrile and acetone could give good extraction efficiency

of the target analyte in the presence of 50 pL. TBP, which might be due
to their higher solubility for analytes and served to facilitate mass
transfer of the analytes to the organic extraction solvent. Therefore,
ethanol was chosen as the disperser solvent because of its lower toxi-
city, low-cost and environmentally friendly.

3.3.3. Effect of the extraction solvent volume

The volume of the extraction solvent directly affects the extraction
efficiency of the DLLME. As shown in Fig. 2b, the effect of different
volumes of TBP, ranging from 20 pL to 60 pL, has been studied. SERS
signals increased gradually from 20 to 50 pL due to the increasing of
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extraction efficiency. After that, the addition of more TBP gave rise to a
more settled phase, resulting in a negative effect due to the decreasing
of the concentration of target compound in the settled phase. Thereby,
50 uL. TBP was used as extraction solvent in the subsequent experi-
ments.

3.3.4. Effect of the disperser solvent volume

The volume of the disperser solvent directly affects the formation of
the cloudy solution (water/disperser solvent/extraction solvent) and
the degree of dispersion of the extraction solvent in the aqueous phase,
thus affecting the extraction efficiency [39]. At low volume, ethanol
cannot disperse extraction solvent properly and cloudy solution is not
formed completely. However, at high volume, the solubility of sodium
benzoate in water increases, which will result in the decrease of the
extraction efficiency. Thus, different volumes of ethanol were in-
vestigated to obtain the best results in terms of extraction efficiency. As
can be seen from Fig. 2c, the results indicated that the SERS signal
increased first then decreased gradually with the increasing volume of
ethanol from 200 to 600 pL for the reason mentioned above. Therefore,
500 pL of ethanol was selected as the optimal volume as the dispersive
solvent.

3.3.5. Effect of pH

Sample pH has a significant influence on the extraction of analytes
in the aqueous phase, because the analytes will be present at different
forms (as ions or neutral form) due to acid or base dissociation. The
extraction efficiency is related to the existing form of analytes [40]. In
addition, the organic extraction solvent, tributyl phosphate, will be
hydrolyzed in a strong acid solution or alkaline solution, therefore, the
effect of pH on the DLLME performance was investigated within the
range of 2.0-6.0. As shown in Fig. 2d, the SERS signals rapidly in-
creased from pH 2.0 to 3.0 and gradually decreased from pH 3.0 to 6.0.
The highest SERS signals were achieved at pH 3.0. The functional group
of sodium benzoate is -COOH in a strong acid solution, which could
decrease polarity of sodium benzoate and contributed to the extraction.
On the contrary, the functional group of sodium benzoate is carboxylate
radical in alkaline solution, which is not beneficial for sodium benzoate
from aqueous phase to organic phase. By adjusting the pH below pK,
4.21, the number of benzoic acid could increase, and then, solubility
increases in organic phase, resulting in better extraction efficiency.
Therefore, pH 3.0 was used for the extraction.

3.3.6. Effect of ionic strength

Salt addition influences the partition coefficient of the analyte. With
the increase of ionic strength by adding salt into the sample solution,
the aqueous solubility of both the non-polar analytes and the organic
extraction solvents will decrease. This salting-out effect causes the
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analytes more easily to transfer from the sample into the organic phase
[41]. Thus, effect of the salt concentration from 0 to 25% (NaCl, w/v)
was investigated. As shown in Fig. 2e, the SERS signal declined as the
concentration of NaCl increased. By increasing the amount of salt, the
volume of the settled phase would increase slightly due to salting-out,
resulting in the reduction of the SERS signal. Therefore, the DLLME
process was carried out with no salt addition.

3.3.7. Effect of extraction time

Mass-transfer of analytes from the sample solution to the extraction
phase is a time-dependent process. For this reason, extraction time is
one of the most important factors in most of the extraction procedures,
especially in microextraction methods such as DLLME [42]. The effect
of extraction time on extraction efficiency was investigated in the range
of 1-10 min. The SERS signal of sodium benzoate increased when the
extraction time increased to around 3 min, and then slightly declined
and remained constant over the remaining time (Fig. 2f). The result
showed that the equilibrium state was achieved after 3 min, because the
large contact surface area between the extraction solvent and aqueous
phase causes a very rapid transport of analytes from the aqueous phase
to extraction solvent. Consequently, the extraction time of 3 min was
selected in the subsequent experiments.

3.4. Repeatability of the SERS signal

The repeatability of the SERS signal is an important factor in the
quantitative analysis using DLLME-SERS. In the DLLME, under the
optimal condition, 10mL standard solution of sodium benzoate
(200mgL~') was added into the homemade glass conical test tube.
After the DLLME process, 10 uL extraction phase containing sodium
benzoate was extruded on a clean silicon wafer and the same volume of
concentrated Ag-NPs was dropped onto it. The SERS spectra were then
collected and recorded from 10 randomly selected positions within the
SERS-active area. As shown in Fig. 3a, the SERS signal intensities of
sodium benzoate at 1001 cm ™! were highly uniform, and the relative
standard deviations of the SERS signal intensity were found to be 8.9%,
suggesting identical capabilities for the different sites in the extraction
of sodium benzoate and Raman signal enhancement by the SERS-active
substrate.

The repeatability of the SERS signals was obtained from the results
of five parallel DLLME experiments. As shown in Fig. 3b, the RSD of the
SERS signal at 1001 cm™! of different SERS-active substrates was
12.9%, indicating the acceptable repeatability. These results illustrated
that the DLLME-SERS was suitable to be used as the method for sodium
benzoate detection.

10000

8000 M — M

6000 M ]

Peak intensity

4000

2000

0 T T T T T
5 10 15 20 25

Fig. 3. (a) A series of sodium benzoate SERS spectra acquired from 10 randomly selected positions on the silicon wafer within the Ag-NPs area after DLLME. (b) Peak
intensity of sodium benzoate at 1001 cm ™ '. The data was obtained from silicon wafer at 5 randomly-chosen positions after DLLME.
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Fig. 4. (a) SERS spectra of sodium benzoate obtained at different concentrations using DLLME-SERS; and (b) simulation curve of the SERS peak intensities at

1001 cm ~ ! using different concentrations of sodium benzoate.

Table 2

Recoveries of sodium benzoate spiked at different levels in ibuprofen suspension samples using the DLLME-SERS method.

Spiking level(mg/L) Intra day (n = 5)

Inter day (n = 5)

Found (mgL™1) Recovery % RSD % Found (mgL~") Recovery % RSD %
150 120.2 = 10.0 80.1 8.5 138.2 = 12,4 92.1 8.8
300 299.1 * 13.7 99.7 4.6 292.1 + 249 99.3 8.1
500 611.1 + 38.1 122.2 6.2 611.1 + 34.0 112.7 6.1

3.5. Analytical performance of the DLLME-SERS for sodium benzoate

3.5.1. Linear range, detection limits and recoveries

The linearity, precision, accuracy and sensitivity were examined to
evaluate the DLLME-SERS under the optimal experimental conditions.
Generally, 10.0mL solution containing different sodium benzoate
concentrations from 10 to 500 mg L~ ! was added into the homemade
centrifuge tube. The SERS signals of the different sodium benzoate
concentrations are shown in Fig. 4. The SERS signal increased with the
increase of sodium benzoate concentration. A SERS signal of 10 mgL ™!
sodium benzoate could still be observed, indicating its high sensitivity.
The linear range of sodium benzoate concentration and the SERS signal
was in the range of 10-500 mg L~ ! with the corresponding correlation
of 0.9986. The recoveries were achieved in the range of 97.3-105%.

RSDs was 6.33% (n =9) and the LOD was 0.56 mg L~! calculated
based on a signal to-noise ratio of 3, suggesting the satisfactory accu-
racy and application prospects of the method.

The precision of the proposed method was evaluated using ibu-
profen suspension samples spiked with three different concentrations of
sodium benzoate (150, 300, and 500 mg L.~ 1. As seen from Table 2, the
recoveries of the spiked sodium benzoate were in the range
80.1-122.2% and the RSDs were between 4.6% and 8.8%, suggesting
the satisfactory accuracy and application prospects of the method.

3.5.2. Determination of sodium benzoate in ibuprofen oral solution

The DLLME-SERS was applied to the preconcentration and de-
termination of sodium benzoate in ibuprofen oral solution samples
bought from local drugstore under the optimized conditions. Ibuprofen
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Fig. 5. SERS spectra of sodium benzoate detected in ibuprofen oral solution samples.
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Table 3
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Amounts of sodium benzoate in different ibuprofen oral solution samples analyzed using the HPLC method and DLLME.SERS.

Sample HPLC DLLME-SERS Analysis of variance Student's t-test

Detected (mgL ") RSD (n = 2) (%) Detected (mgL ") RSD (n = 9) (%) Fealculating Fo.05 tealculating to.05 (8)
Sample 1 289.5 + 3.2 3.1 285.7 = 11.5 8.9 4.2 238.9 0.89 2.31
Sample 2 285.5 = 2.2 2.5 279.1 = 8.9 10.2 6.6 1.16
Sample 3 288.3 = 4.1 2.7 282.7 = 9.7 8.6 5.1 1.07

oral solution is too viscous to transfer analytes more easily than the
normal solution from the aqueous phase to the organic phase, therefore,
2mL ibuprofen oral solution was diluted 5 times with pure water for
further extraction. 10 mL of diluted sample was directly added into the
homemade centrifuge tube. The DLLME was carried out after the mix-
ture of extraction solvent and disperser solvent was rapidly injected
into the homemade centrifuge tube and whirled at 1000 rpm for 2 min.
After the mixed solution was centrifuged for 5min, organic phase
contained sodium benzoate was then obtained. 10 pL organic phase and
the same volume of concentrated Ag-NPs were placed successively on a
silicon wafer for the SERS analysis. As shown in the SERS spectra of
sodium benzoate in Fig. 5, all samples revealed the characteristic SERS
signals of sodium benzoate and no extra intensive signals could be
found, suggesting that the DLLME process possessed the excellent
function of eliminating impurities. The results show that sodium
benzoate was found in the three samples, although the content of so-
dium benzoate was not exceed 0.3% (Pharmacopoeia of the People's
Republic of China, 2015).

The HPLC method was applied for further quantification and the
relevant results (calibration curve, correlation coefficient and chroma-
tograms) are shown in Figs. S5a and b The comparison results of the
two methods are shown in Table 3. Although there were some dis-
crepancies between the two methods, the deviation was within a per-
missible range. Analysis of variance and Student's t-test of the detection
results of the SERS and HPLC method shown in Table 3 indicate that
there is no significant difference of precision between the SERS and
HPLC methods (All Feqiculating < Fo.05) as we can see from the variance
analysis results. In the Student's t-test, the average value in sodium
benzoate detection using the two methods showed no significant dif-
ferences (All teatcutating < to.0s), revealing that the accuracy of the SERS
method is credible. These results confirmed the capability of the pro-
posed DLLME-SERS method for sodium benzoate quantification in
ibuprofen oral solution.

Compared to the traditional methods that generally consist of time-
consuming extraction using aether and titration steps, this method is
simpler and more time-saving since a single DLLME-SERS run takes
only no more than 10min and the data acquisition takes only 1s.
Furthermore, only one sample at a time can be processed for the ana-
lysis of sodium benzoate using the traditional methods, but multi-
samples can be simultaneously analyzed in the DLLME-SERS, which
greatly reduces the overall analysis time. In addition, only a 2mL
sample was used, insuring a more economical approach in practical
applications for routine analysis. The high sensitivity, selectivity and
noninvasive nature of the method provides an alternative tool for the
fast analysis of sodium benzoate in various liquid medicine sample. The
comparison of the SERS spectra of sodium benzoate standard solutions
and real samples is shown in Fig. S6. These results revealed that the
DLLME-SERS is a convenient and effective method in the determination
of sodium benzoate in ibuprofen oral solution.

4. Conclusions

In this study, we developed a rapid, convenient and sensitive
method combining DLLME with SERS to analyze sodium benzoate, a
widely used and the most versatile preservative in food and medicine.
TBP was used as the extraction solvent to separate and enrich sodium

benzoate from the samples in the DLLME. Coupled with SERS, the
method was successfully applied in the sensitive determination of so-
dium benzoate in ibuprofen oral solution samples. Sodium benzoate
could be detected in ibuprofen oral solution samples in the range
10-500 mg L™, and the results were closely consistent with those of
HPLC. The characteristics of simpler operation, shorter analysis time
and less sample consumption make it a fast, convenient and more
economical approach in routine applications. Moreover, since SERS
provides an alternative coupling detection tool for the DLLME, DLLME-
SERS may provide a promising approach for the fast analysis of sodium
benzoate in medicine in order to prevent abuse of sodium benzoate.
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