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Abstract

This study describes a novel sample preparation method for simultaneous
identification of 10 phenolic acids from wine using ion pair dispersive liquid-liquid
microextraction based on the solidification of a floating organic droplet (IP-
DLLME-SFO). For the first time, the ion-pairing technique combined with DLLME-
SFO was applied for the detection of phenolic acids. The IP-DLLME-SFO
dramatically enhanced the extraction efficiency for very polar phenolic acids, such
as gallic acid and protocatechuic acid, which could not be extracted by DLLME-
SFO in the absence of an ion-pairing reagent. The effects of the parameters that can
affect the extraction efficiency were systematically investigated, including the type
and concentration of ion-pairing reagent, type and volume of extraction and
dispersive solvents, extraction time, sample pH, and ion strength. And the optimized
microextraction conditions yielded high enrichment factors. The combined
application of IP-DLLME-SFO and superficially porous particle (SPP) column
provided a sensitivity of analysis method, which can separation 10 phenolic acids
with similarity chemical structures in 40 min.

The method was validated in terms of linearity, sensitivity, precision and recovery.
The coefficient of determination (R?) was higher than 0.994 for all calibration curves.
The method linearity was constructed in the range of 0.01 — 15 ug/mL, and the
sensitivity expressed as limit of detection was as low as 10 ng/mL. The intra- and
inter-day precisions were below 7.95 % and 9.33 %, respectively. With a simple
dilution, the measured absolute recovery values of around 81.5 ~ 109% were
obtained for the compounds, indicating that the extraction efficiency was very high.
The method that we developed was successfully applied to the analysis of

commercial wine samples with no significant matrix effect, revealing different levels
i



of phenolic acids among these products. The result suggest that the combined use of
DLLME-SFO and SPP column may be applicable to the analysis of various polar

and non-polar compounds in liquid sample with complex matrices.

Keywords: DLLME-SFO; ion pairing; polar; phenolic acids; wine; Core—shell
particle column; HPLC
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1. Introduction

A new liquid phase microextraction technique, dispersive liquid-liquid
microextraction (DLLME), has been extensively explored in recent years because of
its simplicity, rapidity, convenience, and low cost [3]. However, the DLLME
technique is limited in its application to the extraction of polar compounds or organic
acids because their polar ionizable groups restrict transfer to water-immiscible
solvents. To solve this problem, some successful methods for extraction of polar
compounds have been developed. For example, in liquid-liquid extraction [4],
extraction of ionizable compounds into an organic phase was made possible using
an ion- pairing agent, resulting in improved recovery and selective isolation from
complex matrices [5, 6]. Similarly, the ion-pairing technique was applied to LPME,
as exemplified by ion pair-based surfactant-assisted microextraction (IP-SAME) of
fluoroquinolones [7] and ion pair-based surfactant assisted DLLME (IP-SA-DLLME)
of heavy metals [8]. In view of those studies, we employed a modified version of
DLLME based on the solidification of floating organic droplets (DLLME-SFO) in
the current study and first proposed to apply IP-DLLME-SFO coupled to LC using
a core—shell particle column for the analysis of polar compounds in a liquid sample.

Among numerous polar compounds, phenolic acids are one of the most important
classes of organic acids because they are common constituent in honey, fruits,
vegetables and plants. Additionally, phenolic compounds are usually responsible for
wine color and contribute to the bitter flavour of wine [9, 10]. Their antioxidant
properties are beneficial for overall human health, due to their scavenging of reactive
free radicals that are associated with the pathophysiology of various diseases, such
as inflammatory and degenerative diseases [11]. The potential of phenolic
compounds as preservatives in winemaking has been confirmed [12]. Phenolic acids
are a predominant subclass of phenolic compounds comprising almost a third of
phenolic acids in plants [13]. They are naturally present in red and white wine as free
acids, glycosylated derivatives, or esters of tartaric, quinic, and shikimic acids [14].

Different numbers and positions of hydroxyl groups on the aromatic ring of ph-
enolic acids produce a variety of similar chemical structures (Fig.1), contributing to
the complexity of phenolic acid analysis [15]. The analysis of phenolic acids in wi-
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ne requires pretreatment, including the clean-up and preconcentration of wine sa-
mple, because the wine matrix is very complex, and the concentration levels of p-
henolic acids in wine are quite low.

Among numerous methods developed for the analysis of phenolic acids in wine
samples [10, 16, 17], liquid chromatography [18] has predominantly been used, due
to its high accuracy and sensitivity. Before chromatographic analysis, pre-treatment
steps such as extraction and concentration are usually required because wine matri-
ces are very complex and the levels of phenolic acids in wines are low. The most f-
requently used sample preparation techniques are liquid—liquid extraction [4] [10,
18-20] and solid-phase extraction (SPE) [17, 21, 22]. However, LLE usually requi-
res a large volume of organic solvents and is very time-consuming. The organic
solvent precipitation method is generally non-specific, though the procedure is very
simple. Although SPE consumes much less solvent and time than LLE, it still
involves the consumption of expensive SPE cartridges. Alternatively, a number of
microextraction methods such as liquid-phase microextraction (LPME) and solid-
phase microextraction (SPME) have been developed for more sensitive and
environmentally-friendly analysis of phenolic acids [17, 22, 23].

The goal of this study was to develop a new, eco-friendly analytical method to
rapidly and efficiently determine the levels of various phenolic acids in wine. Re-
cently, a novel liquid-phase microextraction (DLLME), has become very popular
[21]. This method is based on a ternary component solvent system in which the
appropriate mixture of dispersive and extraction solvents are injected into the
aqueous sample. After violent agitation, a cloudy solution was formed that indicated
the extraction solvent was dispersed into the aqueous sample as very fine droplets.
The analytes transferred into the organic solvent from the aqueous solution, and an
organic phase containing highly concentrated target compounds was formed after
centrifugation. Thus, the target compounds could be easily transferred by a syringe
for analysis [8]. Classic DLLME uses either high-density extraction solvents such
as chloroform, carbon tetrachloride, and chlorobenzene or low-density solvents such
as n-hexanol, n-hexane, cyclohexane, and dibutyl ether in addition to specially
shaped extraction tubes to facilitate transfer and prevent the evaporation of the

extracted phase.



In a modified DLLME method based on the solidification of floating organic droplets
(DLLME-SFO), the easy and reliable collection of the extraction phase is possible
without a special extraction tube because of the use of low-density solvents with
melting points close to room temperature [16]. This technique has mainly been
applied to samples consisting of simple matrices, and its use with complex matrices
such as biological samples, or other food samples.

We employed DLLME based on the solidification of floating organic droplets
(DLLME-SFO) in the current study because it can reduce matrix effects and facilitate
the selective collection of the organic phase free from matrix interferences, as we
found in our previous studies [24, 25]. IP extraction has long been used in
combination with various sample preparation techniques such as SPE [26-29], solid-
phase microextraction (SPME) [30], single-drop microextraction (SDM) [31-34],
hollow-fiber liquid-phase microextraction (HF-LPME) [35], supported liquid
membrane, SLM and LLE using a water immiscible organic (extraction) solvent
such as chloroform30-32 and a water-miscible organic (extraction) solvent such as
ethyl acetate, acetonitrile, acetone or methanol for the selective extraction of various
ionizable organic compounds. For the quantitative determination of several polar
organic compounds, to date the method has been reported for the simultaneous
residual analysis of polar [36]. Therefore, in the current study, a novel sample
preparation technique is proposed based on IP-DLLME-SFO.

In the method that we developed, 10 phenolic acids were effectively extracted
and concentrated by IP-DLLME-SFO, followed by a rapid LC analysis using a
column packed with sub-3 mm core-shell particles. Various parameters affecting the
extraction efficiency of the technique as well as experimental parameters influencing
the separation efficiencies of the target analytes were investigated so as to establish
the optimum conditions. The applicability of the proposed analytical method has also
been experimentally evaluated by applying it in the analysis of different wine
samples of varying phenolic acids. To the best of our knowledge, this study is the
first application of IP-DLLME-SFO coupled to LC using a core- shell particle

column for the analysis of phenolic acids in wine.
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2. Materials and methods

2.1. Reagents and chemicals

Phenolic acids (gallic acid, p-hydroxybenzoic acid, vanillic acid, caffeic acid,
p-coumaric acid, ferulic acid, sinapic acid, cinnamic acid) were purchased from
Sigma—Aldrich (St. Louis, MO). Tetraethylammonium bromide (TEAB),
tetrapropylammonium bromide (TPAB), tetrabutylammonium bromide (TBAB),
tetra- heptylammonium bromide (THPAB), tetrahexylammonium bromide (THAB),
protocatechuic acid, trans-m-coumaric acid, 1- undecanol, and 2-dodecanol were
obtained from TCI (Tokyo, Japan). All other regents were purchased from Sigma—
Aldrich unless otherwise noted. LC-grade acetone, water, methanol, and acetonitrile

were obtained from Duksan Chemical Co. Ltd. (Ansan, Korea).

2.2. Instrumentation

Chromatographic analysis was performed using a Flexar FX-10 UHPLC system
(PerkinElmer, Shelton, CT) with a Flexar FX PDA (PerkinElmer, Shelton, CT). The
detection wavelength was 280 nm. An Agilent Poroshell EC-C18 column (2.1 - 150
mm) packed with 2.7 um core-shell particles was used for chromatographic
separation of the 10 phenolic acids. A gradient elution was carried out using a binary
mobile phase composed of eluent A (water with 0.1% formic acid) and eluent B
(acetonitrile with 0.1% formic acid). The linear gradient program was as follows: 0—
1 min, 10% B; 1-25 min, 10-15% B; 25-35 min, 15-50% B; 35-36 min, 50— 100%
B; 36—46 min, 100% B. After each run, the gradient was held at 100% B for 12 min
for column washing and then returned to 10% B for 10 min for column equilibration.

The column temperature was kept at 30°C. The flow rate was 0.2 mL/min and the



injection volume was 3 pL.

2.3. Preparation of standard solutions and blank, spiked, and
real samples

Stock solutions of phenolic acids were prepared in methanol and working
solutions were freshly made by appropriate dilution of the stock solutions in
methanol. All the wine samples were purchased from local markets in Korea. The
wine samples were filtered through a 0.2 um hydrophobic filter (Toyo Roshi Kaisha,
Ltd., Tokyo, Japan) and stored at 4°C until use. Optimization studies for extraction
conditions were performed using pure water spiked with standards. Spiked wine
samples used for method application and method validation were prepared as follows:
a fresh standard solution was evaporated in a glass test tube under a stream of high-
purity nitrogen, and blank wine was added to the tube to produce a wine sample at
the desired concentration of phenolic acids. To reduce sample matrix effects, red and
white wine samples were diluted with water by ten-fold and five-fold, respectively,

before processing using the microextraction proce-dure described below.

2.4. DLLME-SFO procedure

A total of 1.5 mL diluted wine (1.0 mL of wine + 0.5 mL of water) or water was
mixed with 1.0 mL of 50 mM sodium phosphate buffer (pH = 6.0) and 2.5 mL of 10
mM THAB to produce a final 5.0 mL solution containing 5 mM THAB. Five hundred
microlitres of a mixture of 1-dodecanol (extraction solvent) and methanol (dispersive
solvent) mixed at 1:9 (v/v) were rapidly injected into the solution using a 1.0-mL
gastight Hamilton syringe, forming a stable, cloudy solution. Fine droplets of the
organic phase containing the ion pairs of phenolic acids and THAB accumulated at

the surface of the sample solution after centrifugation at 3500 g for 5 min. The glass

6



tube was placed on ice for 10 min, and then the solidified droplet was quickly
transferred to a 200 uL Eppendorf tube. After thawing, the droplet was centrifuged
(10,000 g, 3 min), and 30 puL of the upper layer were diluted to 90 uL with methanol.

Three microlitres of the diluted solution were directly injected onto the LC (Fig.2).
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2.5. Validation

According to the ICH harmonized tripartite guideline, the method validation
was evaluated for linearity, limit of detection [37], limit of quantification (LOQ),
precision and recovery. Six concentration points for each of the phenolic acids were
used for the linearity study. The limit of quantification (LOQ) was calculated as the
minimum concentration that could be accurately and precisely qualified (RSD < 15%)
and has been included as the lowest level in the calibration curves. The limit of
detection [37] was defined as a peak height that is higher than three times the baseline
noise. Intra- and inter-day precision was studied with quality control samples at three
concentration levels, and the data were calculated as the relative standard deviation
(RSD). The intra-day samples were measured as three replicates in one day, and
inter-day variation was measured on three separate days (n = 3). The recovery of the
method was determined by spiking wine samples with three levels of standard
solution, and the results were calculated as:

100

(amount found in the spiked sample —amount found in the sample)

amount added

2.6. Statistics

The extraction method was optimized by orthogonal array design (OAD) and
analysis of variance (Ivanova-Petropulos et al.) using SPSS software (SPSS 23.0,
SPSS Inc., Chicago, IL).

All available data were expressed as the mean + standard deviation for each set
of comparison experiments. Significant differences were evaluated by analysis of
variance [38] followed by Tukey’s honest significant difference (HSD) post hoc test.
A probability level equal to or less than 0.05 (p < 0.05) was considered to be

significantly different.



3. Results and discussion

3.1. Chromatographic separation on a core—shell particle
column

Chromatographic separation of phenolic acids with similar structures usually
requires a long analysis time [39, 40] using a conventional RP column without the
assistance of a buffered mobile phase, unless the extracted ion chromatogram is
provided by MS/MS. However, our aim is to employ conventional HPLC-UV
equipment for effective separation of 10 phenolic acids in a shorter time. In the
current study, a column packed with sub-3 um core—shell particles was employed for
the analytical task, in an attempt to reduce analysis time while maintaining good
separation. Core—shell particle columns can provide a conventional LC system with
a separation efficiency comparable to UHPLC, but the system pressure is much
lower than UHPLC [41]. During the analysis, the system pressure was maintained
below 3800 psi (262 bar). For simplicity, a binary elution system consisting of pure
water and pure ACN was first tested, but the chromatographic peak shapes and
separation were not good. To restrain ionization and improve the peak shapes, the
conditions for the chromatographic separation have been optimized; a gradient
elution of water and acetonitrile containing 0.1% and 0.2% formic acid has been
considered necessary for a good response on a core—shell particle column in a
narrow-bore diameter (2.1 mm). Addition of formic acid significantly improved the
separation, and the peak shape and resolution improved with increasing
concentrations of formic acid. Considering the negative effects of formic acid such
as shortening of column life, 0.1% was chosen as the final formic acid concentration.

Here we must emphasize the important role of injection volume with regard to

column efficiency during phenolic acid separation. The effect of injection volume in

9



the presence of the SPP column in this method was also evaluated. The peaks tailed
and broadened, leading to loss of efficiency with increasing volume of injection. The
best peak shapes were obtained with a 3-uL injection volume. Finally, the effect of
column temperature was evaluated; we tested temperatures from 25 to 45°C.
Although column temperature was not as significant as other factors, the best peak
shapes for most compounds were achieved at 30°C. The resulting analysis conditions
yielded a baseline separation of the ten phenolic acids within 40 min and required
smaller volumes of solvents and smaller sample amounts compared to conventional

columns (Fig. 3).
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(b) analyzed by the IP-DLLME-SFO method coupled with a core—shell column

followed by HPLC-UV. Peak identification: 1, gallic acid; 2, protocatechuic acid;

3, 4-hydroxybenzoic acid; 4, vanillic acid; 5, caffeic acid; 6, p-coumaric acid; 7,

ferulic acid; 8, sinapic acid; 9, m-coumaric acid; 10, cinnamic acid.
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3.2. Selection of the type and concentration of ion-pairing
reagent

Using traditional DLLME methods, the extraction efficiencies for phenolic acids
were generally low, that is, phenolic acids could not be extracted with a satisfactory
extraction efficiency once the concentration was higher than 5 ug/mL. Moreover,
gallic acid and protocatechuic acid could not be extracted in any acidic sample with
pH ranging between 2.0 and 6.0.

The low extraction efficiency was assumed to be due to the polar ionizable groups
of phenolic acids. An ion-pairing reagent can form less polar ionic pairs with
phenolic acids and consequently can facilitate the transfer of phenolic acids to the
organic phase. Hence, six different quaternary ammonium ion-pairing reagents,
TEAB, TPAB, TBAB, TBAI, THAB, and THPAB, were compared under the same
experimental conditions in an aqueous solution of phenolic acids containing 5 mM
of an ion-pairing reagent. Given that the pKa values of the phenolic acids were
approximately 4.0 + 1.0, the pH of test solutions was fixed at 6.0, which can keep
the phenolic acids mostly in the ionized form [11]. The phenolic acids were extracted
using a mixture of 1-dodecanol and methanol. As a result, the two ion-paring
reagents with long carbon chains, THAB and THPAB, exhibited the highest
extraction efficiencies, while the phenolic acids were barely extracted with the other
reagents. THAB was selected as the ion-pairing reagent for further study because it
is easier to obtain than THPAB.

The effects of THAB concentration were investigated over the range of 1-20 mM.
The enrichment factor (EF), which is calculated as C./Co (where C. is the analyte
concentration in the collected phase, and Cy is the analyte concentration in the initial
aqueous phase), was used as a measure of the extraction efficiency. As shown in Fig.
4, while extraction conditions: 4 mL sample volume, 1 mL 50 mM phosphate buffer
(pH = 6.0), 50 uL extraction solvent volume, 450 pL dispersive solvent volume (n =

12



3). THAB concentration at 5 mM was taken as 100%. Comparisons were made using
ANOVA. Bar mean = S.EM. *p < 0.01, **p < 0.05. The extraction efficiency
increased with an increasing concentration of THAB up to 5 mM, the concentration
recommended by the manufacturer, after which the efficiency decreased. Here, error
bars gave a general idea of how to measure precision and how far the true value
differed from the reported value. In this study, we chose the standard error of the
mean to show the spread in values along with the p-value of the difference in sample
means (n = 3).

The following figures all used error bars to indicate uncertainty in the data. In
addition, high concentrations of THAB made it difficult to transfer solidified drops
because the drops melted very quickly during transfer. As a result, 5 mM THAB was

chosen for subsequent experiments.
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3.3. Effect of sample pH on extraction efficiency involving
THAB

Sample pH can affect the ionization state of both phenolic acids and THAB and,
consequently, the formation of ion pairs between them. Although pH 7.5 is
recommended by the manufacturer, extractions were performed over a wide range of
pH values, to identify the optimal sample pH. In this work, 50 mM phosphate bufter
was applied to adjust the pH to between 3.0 and 9.0. EFs of all the phenolic acids
generally increased as the pH increased from 3.0 to 6.0 and then decreased as the pH
reached 7.0 (Fig. 5. Extraction conditions were the same as in Fig. 4 except for the
sample pH). Hence, the pH of the sample solution was adjusted to 6.0 for subsequent

extractions.
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3.4. Selection of extraction and dispersive solvents for
DLLME-SFO

Based on our previous experience [24, 42], DLLME-SFO using a low-density
solvent allowed for easier and more reliable collection of the extraction phase from
complicated matrices such as biological fluids and food samples. Therefore, three
extraction solvents (1-dodecanol, 2-dodecanol, and 1- undecanol) were tested. The
solvents 1-octanol and 1-decanol were excluded from testing because their low
melting points (-16 and 6.4 °C for 1-octanol and 1-decanol, respectively) made it
difficult to solidify droplets using a simple ice bath. Three dispersive solvents,
methanol, acetonitrile, and acetone, were combined with the three extraction solvents,
resulting in nine combinations as follows: methanol/1-dodecanol, methanol/ 2-
dodecanol, methanol/l1-undecanol, acetonitrile/1-dodecanol, acetonitrile/2-
dodecanol, acetonitrile/1-undecanol, acetone/l1-dodecanol, acetone/2-dodecanol,
and acetone/l-undecanol. These solvent mixtures were composed of 50 uL of
extractant and 450 uL of dispersive solvent. As shown in Fig. 6, while extraction
conditions were the same as in Fig. 4 except for the types of extraction and dispersive
solvents, methanol/1-dodecanol exhibited exceptionally high extraction efficiency

compared to the others.
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3.5. Optimization of volume of the extraction and dispersive
solvents

With 1-dodecanol and methanol selected as extraction and dispersive solvents,
respectively, their volumes were optimized. First, while the volume of the mixture
of 1-dodecanol and methanol was fixed at 500 uL, the volume ratio of 1-dodecanol
to methanol was varied. As a result, the lowest volume ratio (1- dodecanol/methanol
= 1:9) yielded the highest EF values for all tested compounds (Fig. 7. Extraction
conditions were the same as in Fig. 6 except that the solvent mixture was composed
of 1-dodecanol and methanol). Then, the effect of the solvent mixture volume on the
extraction efficiency was investigated by varying the mixture volume between 250
puL and 1000 pL at a fixed volume ratio of 1:9. Although the highest extraction
efficiency was acquired at the lowest mixture volume of 250 uL (Fig. 8. The volume
ratio of 1-dodecanol to methanol was fixed at 1:9 (v:v). Other conditions were the
same as in Fig. 7), it was difficult to collect the organic phase reliably, and the
recovered volume of the droplets was not consistent under these conditions. Thus,
500 uL was selected as the optimized volume, providing a compromise between
reproducibility and method sensitivity. The final optimized extraction mixture

condition was composed of 450 uL methanol and 50 pL 1- dodecanol.
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3.6. Salt effect on IP-DLLME-SFO

Because ionic strength can influence the extraction efficiency, various
concentrations of salt (NaCl) were examined, ranging from 0% to 15% (w/v). EF
values decreased sharply with the addition of NaCl (Fig. 9); similar observations
were made in the literature on IL-DLLME methods [2, 11, 16, 43]. Extraction
conditions: 4 mL sample of aqueous solution, 1 mL 50 mM phosphate buffer (pH =
6.0), 50 pL extraction solvent, 450 uL dispersive solvent (n = 3). After the addition
of NaCl, the sample was vortexed for approximately 1 min prior to extraction. As a

result, salt was not considered for further optimization procedures.
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3.7. Facilitation of extraction and optimization of the
extraction time

During DLLME-SFO, extraction can be facilitated by additional ultrasonic
radiation or vortexing. In addition, the extraction efficiency can be affected by
extraction time, which is defined as the time between the injection of the extraction
solvent mixture and the centrifugation of the mixture [44]. However, in our study,
the extraction efficiency did not change with extraction time nor was the extraction
efficiency affected by additional ultrasonic radiation or vortexing (Fig. 10).
Extraction conditions were the same as shown in Supplementary Fig. 9 except that
no salt was added. For the final optimized conditions, the sample was centrifuged

immediately after injection of the mixture of extractant and disperser.
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3.8. Method validation

Method validation was performed in terms of linearity, sensitivity, precision, and
absolute recovery. The calibration curves were constructed using six triplicate data
points. Because the detection responses differed depending on the analyte,
concentration ranges from 0.01 to 15 pg/mL were used. The calibration curves were
linear over the tested range, with correlation coefficients (r?) higher than 0.994 (Table
1). The limit of detection [37], which was obtained by injecting a series of extracted
solutions until the peak height was at least three times the baseline noise, ranged
between 0.005 and 0.1 ug/mL (Table 1). The limit of quantification (LOQ), which
was determined as the minimum concentration for precise quantification (RSD <
15%), was included as the lowest level in the calibration curves [25]. The current
method was more sensitive than the LLE method coupled to LC analysis [45], in
which the lowest LOD was 0.03 pug/mL and the SPE method coupled to LC analysis
[19], in which the LOD obtained was 10-fold higher than the current method.

The precision of the developed method was evaluated at three concentration levels
and expressed as the relative standard deviation (RSD%). The intra-day precision
was determined for one day (n = 3), and inter-day precision was measured on three
separate days (n=3 X 3). As displayed in Table 2, the intra- and inter-day precision
was below 7.9% and 8.8%, respectively, which was much lower than the RSD%
achieved by the SPE method (18.7%) [19].

Relative recovery was estimated by comparing the peak areas of standards in
spiked wine samples with the peak areas of standards in water at three concentration
levels. As shown in Table 2, the relative recoveries were close to 100% for all
phenolic acids tested. Taken together, the method validation results indicated that the
proposed method was reproducible and sensitive for quantifying phenolic acids in

wine samples.
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Table 1. Linear ranges, correlation coefficients (R?) and sensitivity of the developed method.

Analyte Linearity range 2 R? LOQ? LOD?
Gallic acid 0.30 - 15.00 0.994 0.30 0.10
Protocatechuic acid 0.15-9.00 0.999 0.15 0.075
p-Hydroxybenzoic acid 0.10 - 6.00 0.998 0.10 0.05
Vanillic acid 0.10 - 6.00 0.999 0.10 0.05
Caffeic acid 0.04 -2.40 0.998 0.04 0.02
p-Coumaric acid 0.04 -2.40 0.999 0.04 0.02
Ferulic acid 0.04 -2.40 0.999 0.04 0.02
Sinapic acid 0.10 - 6.00 0.998 0.10 0.05
m-Coumaric acid 0.02 -1.20 0.998 0.02 0.01
Cinnamic acid 0.01 - 0.60 0.998 0.01 0.005
2 ug/mL
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3.9. Application of the developed method to wine sample
analysis

The developed method involving IP-DLLME-SFO coupled to LC using a core—
shell column was applied to the determination of phenolic acids in 10 real wine
samples composed of seven red wine samples (R1-R7) and three white wine samples
(W1-W3). Quantification of the phenolic acids in the wine samples was successfully
performed (Table 3). Gallic acid was the dominant phenolic acid in all tested samples,
at concentrations between 4.1 and 108.9 mg/mL, and its level was much higher in
red wine samples than in white wine samples, which agrees with previous results [10,
39]. Showing no difference in levels between red wine and white wine samples,
caffeic acid was also detected in all the samples, but at lower levels (0.4—3.9 mg/mL)
than gallic acid. Protocatechuic acid, p-hydro-xybenzoic acid, and cinnamic acid
were detected in nine samples. In GC—MS analysis of white wine samples [7], similar
levels were observed for protocatechuic acid and p-hydroxybenzoic acid, of 0.44—
5.75 mg/mL. Ferulic acid, sinapic acid, and m-coumaric acid were not detected in
the red wine samples, except for R1 and R7 that contained m-coumaric and sinapic

acid.
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Table 2. Intra- and inter-day precisions and relative recovery of the developed method at three different concentration levels.

Analyte Intra-day (% RSD, n = 3) Inter-day (% RSD, n =9) Relative recovery (%, n=3)
Low?®  Medium?® High ¢ Low?  Medium?® High © Low?  Medium® High®
Gallic acid 4.20 3.41 3.26 8.75 8.34 5.23 92.4 95.6 101
Protocatechuic acid 2.11 3.14 211 8.85 3.54 3.98 77.2 83.6 79.9
p-Hydroxybenzoic acid 1.77 0.90 0.60 7.66 6.22 6.38 92.6 93.2 90.9
Vanillic acid 7.95 6.83 4.24 7.47 7.62 5.73 78.5 85.1 81.5
Caffeic acid 7.75 1.90 1.73 8.89 7.41 7.81 96.2 102 103
p-Coumaric acid 0.18 2.06 2.11 8.62 6.67 4.45 97.4 102 117
Ferulic acid 3.48 3.58 3.07 9.33 7.79 4.46 76.0 78.6 86.8
Sinapic acid 231 1.83 0.85 8.74 8.68 5.30 81.2 89.4 84.8
m-Coumaric acid 4.21 4,73 5.59 5.77 8.81 6.24 105 109 102
Cinnamic acid 5.73 4.32 2.39 4.29 5.88 3.08 87.1 95.6 105
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2 1.0 ug/mL for gallic acid and protocatechuic acid; 0.5 pg/mL for p-hydroxybenzoic acid, vanillic acid and sinapic acid; 0.2 pug/mL for caffeic acid,
p-coumaric acid and ferulic acid; 0.1 pg/mL for m-coumaric acid; 0.05 pg/mL for cinnamic acid.

3.0 pg/mL for gallic acid and protocatechuic acid; 1.5 ug/mL for p-hydroxybenzoic acid, vanillic acid and sinapic acid; 0.6 pg/mL for caffeic acid,
p-coumaric acid and ferulic acid; 0.3 pg/mL for m-coumaric acid; 0.15 pg/mL for cinnamic acid.

© 6.0 ug/mL for gallic acid and protocatechuic acid; 3.0 pg/mL for p-hydroxybenzoic acid, vanillic acid and sinapic acid; 1.2 pg/mL for caffeic acid,
p-coumaric acid and ferulic acid; 0.6 pg/mL for m-coumaric acid; 0.3 pg/mL for cinnamic acid

Table 3 Levels of phenolic acids determined in 10 wine samples.
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Table 3. Levels of phenolic acids determined in 10 wine samples.

Real wine samples

Analyte
R1 R2 R3 R4 Rs Re Rz W W Wio
Gallic acid 53.82 59.1 39.2 39.2 49.6 43.8 108 411 10.3 7.29
Protocatechuic acid ND*® 4.44 3.45 3.46 1.79 2.04 2.07 0.75 1.66 1.88
p-Hydroxybenzoic acid ND 1.77 1.28 1.28 221 2.35 1.07 0.51 1.87 3.89
Vanillic acid 1.05 2.21 ND 1.76 1.45 1.53 3.12 ND ND 0.50
Caffeic acid 3.10 154 0.40 0.77 1.16 2.52 1.73 1.56 0.92 3.86
p-Coumaric acid 5.62 2.62 ND 0.46 1.58 1.55 4.30 1.91 1.28 2.18
Ferulic acid ND ND ND ND ND ND ND 0.63 ND 0.82
Sinapic acid ND ND ND ND ND ND 2.00 1.47 0.84 ND
m-Coumaric acid 0.22 ND ND ND ND ND ND 0.31 0.12 ND
Cinnamic acid 0.17 0.32 0.10 ND 0.32 0.40 2.49 0.11 0.07 0.18
@ ug/mL.
b Not detected.
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4. Conclusions

The sample preparation method that was developed based on IP-DLLME-SFO
provided an efficient one-step operation enabling both sample clean-up and
enrichment of a number of phenolic acids. In addition, the current analytical method
employed for the first time a core—shell particle column to separate phenolic acids,
and this separation scheme allowed for significantly reduced analysis time without
the use of a complex buffered mobile phase. The current approach of combining IP-
DLLME-SFO with LC using a core—shell particle column may be applicable for a
rapid environmentally friendly, and efficient analysis of ionizable polar compounds

in samples of complex matrices.
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Appendix

1. The principle of dispersive liquid-liquid microextraction
(DLLME)

Dipersive liquid-liquid micro extraction is firstly a proposed in 2006, which is a
novel sample-preparation technique offering high enrichment factors from low vo-
lumes of water samples. This method principle is based on a ternary component so-
lvent system in which the appropriate mixture of dispersive and extraction solvents
are injected into the aqueous sample. Usually, water-miscible solutions play as dis-
persive solvent, such as methanol, acetonitrile, acetone. Dispersive solvent can inc-
rease extraction solvent interface, so enhanced the extraction efficiency, enriched the
analytes and got high recovery. After violent agitation, a cloudy solution was formed
that indicated the extraction solvent was dispersed into the aqueous sample as very
fine droplets. The analytes transferred into the organic solvent from the aqueous
solution, and an organic phase containing highly concentrated target compounds was
formed after centrifugation. Thus, the target compounds could be easily transferred
by a syringe for analysis. Classic DLLME uses either high-density extraction
solvents such as chloroform, carbon tetrachloride, and chlorobenzene or low-density
solvents such as n-hexanol, n-hexane, cyclohexane, and dibutyl ether in addition to
specially shaped extraction tubes to facilitate transfer and prevent the evaporation of
the extracted phase,

The experimental procedure of classical DLLME is by rapidly injected into the
mixture of water-miscible organic solvent (dispersive solution) and water-
immiscible organic solvent (extraction solvent) using a 1.0 mL syringe in water
sample, and then forming tiny organic droplets (a stable cloudy solution). Droplets
of the organic phase containing the analytes separated after centrifugation. Then,

droplet is easily transferred by a syringe for analysis.

(Reference [24])
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2. DLLME-SFO

Based on the principle of the classic DLLME mentioned previously, a new
method was introduced in recently. By using extraction solvents with low density
and appropriate melting points, DLLME based on the solidification of a floating
organic droplet (DLLME-SFO) was developed by Leong and Huang. The extract,
which forms a layer on the top of aqueous sample, can be collected by solidifying it
at low temperature. Meantime, very tiny particles in the system settle without
interfering with the target analytes. So this method is more sensitive and accurate. It
has been successfully used for extraction and pre-concentration of many trace
substances from water samples. SFO method overcomes the aforementioned
problems. This technique is easily carried out. The large contact surface between the

sample and the droplets of extractant speeds up mass transfer, as fast as DLLME.

2.1. Requirements of SFO solvent
(a) Lower density than water;
(b) Low water solubility;

(c) Ability to form a cloudy solution in the presence of a disperser solvent when

injected into a sample solution;
(d) Good extraction capability of the target compounds;
(e) Ability to form a stable two-phase solution;

(f) Good chromatographic behavior.
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2.2. Physical properties of the extraction solvents evaluated for SFO
method

The extraction solvents suitable for DLLME-SFO should meet several criteria, in-
cluding low solubility in water, a lower density than that of water, and a melting
point close to room temperature. In addition, low toxicity, a high affinity for the
target compounds, and good chromatographic behavior are preferred. The disper-
sive solvents should be miscible with both water and the extraction solvent, with a
cloudy solution forming upon the injection of a mixture of the dispersive and extra-
ction solvents into an aqueous sample. Accordingly, in this study, 1-dodeca-nol, 2-
dodecanol, 1-undecanol, and 1-decanol were tested as extraction solvents, while
acetone, acetonitrile, and methanol were tested as dispersive solvents. The physical

properties of the extraction solvents are listed in Table.

Extraction solvent  Melting point (¢<C)  Density (g/mL) Solubility in water (wt%)

1-Dodecanol 22-24 0.83 Insoluble (0.04)?

2-Dodecano 17-18 0.80 Insoluble (N.A.)P
1-Undecanol 16 0.83 Insoluble (0.051)?
1-Decanol 6.4 0.83 Insoluble (0.021)2

2 Experimental value was obtained from (R. Stephenson, J. Stuart, Mutual binary

solubilities: water—alcohols and water—esters, J. Chem. Eng. Data 31. 1986. 56 -70).

® Experimental value was not available.
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3. SPP column

3.1. Concept

General Description Poroshell 120 SB-C18 is a superficially porous micropar-
ticulate (SPP) column packing. Superficially porous silica particles, such as Poro-
shell, have a solid silica core and a porous silica outer layer. A Stable Bond SB-C18
bonded phase is applied to the totally porous outer layer for this column. This type
of particle provides high efficiency at lower pressures when compared to small,
totally porous particles and is ideal for fast or high resolution separations of many

types of analytes.
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3.2. Column Chracteristics

The Poroshell 120 packing has a solid core of 1.7 um in size with a porous outer
layer 0.5 pm thick and a total particle size of 2.7 um. The particles have a nominal
surface area of 120 m*/g and a controlled pore size of 120A. The columns can be
used up to an operating pressure of 600 bar (9000 psi). The uniform, spherical
particles are ultrahigh purity (>99.995% SiO2) silica. This high purity silica is
designed to reduce or eliminate strong adsorption of basic and highly polar

compounds.

The Stable Bond SB-C18 bonded phase is made by chemically bonding a
sterically-protected C18 stationary phase to the porous shell of the Poroshell 120
silica support. The densely covered, sterically protected, di-isobutyl-n-
octadecylsilane stationary phase is chemically stable and gives long column life at
low pH. Poroshell 120 SB-C18 is a reversed-phase packing that can be used for basic,
neutral or acidic samples. It is particularly well suited for use with aggressive low
pH mobile phases (for example, pH < 2, high ionic strength (> 25 mM), ion-pair
additives, etc.) since the steric protection of the bonded phase resists degradation
with such mobile phases. The recommended high temperature limit for this bonded

phase is 90 °C at low pH. Column Characteristics

A typical Poroshell 120 SB-C18, 4.6 mm x 50 mm, 2.7 pm column is shown in

Figure.

Agilent Poroshell 120 2.7 pym

Pore size
120 A,

ideal for small
molecules
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All points of con-nection in liquid chromatographic systems are potential sources
of leaks. Users of LCs and UHPLCs should be aware of the toxicity or flammability

of their mobile phases.

These Poroshell 120 columns are mechanically stable and have been tested to very
high pressures to assure safe lab operation on a variety of LC and UHPLC
instruments. The operating pressure limit for all 2.1-, 3.0- and 4.6-mm id columns is
600 bar (9000 psi). While the 2.1- and 3.0-mm id columns are safe to 1300 bar
(20,000 psi) and the 4.6-mm id columns are safe to 1000 bar (16,000 psi), chroma-
tegraphic performance will be compromised if the 600 bar pressure limit is exce-

eded and the column may need to be replaced.

Because of its small particle size, dry Poroshell packings are respirable. Columns
should only be opened in a well-ventilated area, and opening the column will

compromise column performance.
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3.3. Application

Applications Poroshell 120 SB-C18 columns are designed for fast and high
resolution separations of a wide range of small molecule analytes, including acidic,
basic and neutral compounds. The unique, superficially porous particle and 2.7-pym
particle size make this column ideal for fast separations at up to 40% to 50% lower
pressures than sub 2-um particles with similar (90% to 100%) efficiency. The

columns can be used at high flow rates to achieve fast separations.

The 120 A pore size means these columns are well suited for separations of
peptides, such as those from a protein digest. These types of samples can be analyzed
efficiently and with mobile phases containing additives such as TFA or formic acid
for greater mass spectrometer compatibility. The Poroshell 120 SB-C18 bonded
phase is ideal with a low pH mobile phase such as TFA. The sterically hindered
bonded phase provides superior low pH lifetime, but this bonded phase is not
endcapped to further reduce interactions with silanols. Therefore, for many basic
compounds excellent peak shape will be obtained, but for some compounds the
Poroshell 120 EC-C18, an endcapped packing may be a better choice for improved
peak shape.

Alternatively, basic modifiers such as 20—30 mM triethylamine can be added to
the mobile phase to improve peak shape. Poroshell 120 SB-C18 can also be used at
90 °C at low pH and is therefore a good choice for higher temperature separations at
low pH. Elevated temperature may enhance or change selectivity and lower

operating pressure.

(From: http://www.agilent.com/cs/library/datasheets/public/820302-002.pdf)
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4. Principle and mechanisms of ion-pairing

lon-pairing is a very useful analytical technique for the separation of charged
molecules, which can be used for both positively and negatively charged analytes

and is an advanced technique.

The animation below will explain the Principle and Mechanism. In this study the
analyte is phenolic acid which is containing carboxyl group molecule and hence
negatively charged. In regular extraction procedure, such a polar molecule would not
be extracted by the non-polar organic solvents. In extraction solvent, an add-ition of
ion-pairing agent applied a long carbon chain. Which is capable of inter-acting with
the ionic group and make it more non-polar due to it’s long chain of carbons. This
interaction results in more interactions of the analyte with the extra-ctant phase and
is hence more effecient. Better extraction efficiency would even-tually correspond
to better enrichment.

Note-The ion pairing agent must be oppositely charged as compared to the analyte
and must have good hydrophobicity. Other ion-pairing agents for negatively charged
analytes such as carboxylates include other linear alkyl amines (e.g. pentylamine,
heptylamine), tertiary alkyl amines (e.g. triethylamine, tetrabutylammonium). lon-
pairing agents for positively charged analytes such as amines includes sulfonates (e.g.
n-pentanesulfonate, n-hexanesulfonate) and carboxylates (e.g. formic acid,

trifluoroacetic acid).

(From: http://pharmaxchange.info/press/2013/01/principle-and-mechanisms-of-
reversed-phase-ion-pairing-chromatography-with-animation/)

46
A2t &y



5. The influence of salt

The problem of the influence of salts on the activity coefficients of nonelectrolytes
in aqueous solutions is of both fundamental and applied interest. Salt effect studies
can provide considerable information of theoretical importance as to the complex
interactions of ions and neutral molecules and as to the unique nature of water as a
solvent. The data also have application to such related problems as kinetic salt effects
and mechanisms of reactions, and they have a practical bearing on the separation of
nonelectrolytes from water solutions by salting-out processes.

There have been a number of qualitative and quantitative theories of the salt effect,
all with common underlying aspects but emphasizing different approaches to the
problem. The discussion of the theoretical material presented in this review is in four
sections which reflect the different approaches; this subdivision has been made
primarily for convenience of presentation and is not intended to imply that there are
sharp distinctions. Since detailed developments can be found in the original
references, these sections will be restricted to a statement of fundamental ideas and

final results.

According to this viewpoint the degree of salting out or salting in of a nonpolar
solute is determined by the extent to which the solvent medium is compressed or
loosened when ions are present. Salt effects on nonpolar nonelectrolytes merit
separate discussion, since this class should be the simplest to interpret and gives a
good reference point from which to consider the polar nonelectrolytes. The major
role of a nonpolar solute is simply to occupy volume and thereby modify the ion-
solvent interactions characteristic of a particular electrolyte solution. One of the

objects of this section is to test the utility of this assumption.

In general, the degree of salting in of nonpolar solutes increases with ionic size.
There are, however, several notable exceptions. One such is lithium ion, which
invariably salts in much more than the larger sodium ion, and in fact gives results
similar to rubidium ion. Two other cations which give large salting-out effects in
relation to their sizes are ammonium ion and hydrogen ion.
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For polar nonelectrolytes one would expect, just as with the nonpolar species, a
salting-out contribution roughly proportional to the volume of the nonelectrolyte, a
continuation of the specific effects characteristic of nonpolar molecules, and finally

an increased salting in as the dipole moment of the molecule increases.

Salting in refers to the effect where increasing the ionic strength of a solution inc-
reases the solubility of some solute. This effect tends to be observed at lower ionic
strengths. The solubility is a complex function of the physicochemical nature of the

compound, pH, temperature, and the concentration of the salt used.

In summary, the high concentration of salt in the aqueous system lead to extra ion-
pair reagent. This negative effect of high concentration of salt changed the physical
properties of the aqueous system, which reduced the rate of diffusion of the ion pairs
into extractant. Thus, at a high concentration of NaCl, the decrease of the solubility
of the IP in water could be important in the extraction process, thereby reducing the

extraction efficiency.

Reference from (F.A. Long, W.F. McDevit, Chem. Rev., 51, (119) 1952)
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https://en.wikipedia.org/wiki/Ionic_strength
https://en.wikipedia.org/wiki/Solution
https://en.wikipedia.org/wiki/Solubility
https://en.wikipedia.org/wiki/Ionic_strength
https://en.wikipedia.org/wiki/Ionic_strength
https://en.wikipedia.org/wiki/Physical_chemistry

5. Validation of analytical procedures

According to the ICH harmonized tripartite guideline, the method validation was
evaluated for linearity, limit of detection (LOD), limit of quantification (LOQ),

precision and recovery.

5.1. Linearity

The linear relationship was evaluated across the range of the analytical procedure.
It was demonstrated by spiked dilution of a standard stock solution in water, using
the proposed procedure. The latter aspect was studied during investigation of the

range.

Linearity was evaluated by visual inspection of a plot of signals as a function of
analyte concentration. Test results have been evaluated by appropriate statistical
methods. To obtain linearity between assays and sample concentration, the peak
areas from results have been subjected to a logarithm transformation prior to the
regression analysis. Data from the regression line itself may be help to provide

mathematical estimates of the degree of linearity.

The correlation coefficient, y-intercept, slop of the regression line and residual
sum of square have been submitted. A plot of the data was included. In addition, an
analysis of the deviation of the actual data points from the regression line may also
be helpful for evaluating linearity. For the establishment of linearity, a minimum of

5 concentrations was applied in experiment.

Range: The specified range is normally derived from linearity studies and depends
on the intended application of the procedure. It is established by confirming that the
analytical procedure provides an acceptable degree of linearity, accuracy and
precision when applied to samples containing amounts of analyte within or at the

extremes of the specified range of the analytical procedure.
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5.2.LOD

The detection limit of an individual analytical procedure is the lowerst amount of
analyte in a sample, which can be detected but not necessarily quantitated as an exact
value. Determination of the signal-to-noise ratio is performed by comparing
measured signals from samples with known low concentrations of analyte with those
of blank samples and establishing the minimum concentration at which the analyte
can be reliably detected. A signal-to-noise ratio between 3 or 2:1 is generally

considered acceptable for estimating the detection limit.

The detection limit (DL) may be expressed as:

Where o = the standard deviation of the response
S = the slope of the calibration curve

The slope S may be estimated from the calibration curve of the analyte. The estimate

of 6 may be carried out in a variety of ways, for example:

50
e s



5.3.LOQ

The quantitation limit of an analytical procedure is the lowest amout of analyte in a
sample, which can be quantitatively determined with suitable precision and accuracy.
The quantitation limit is a parameter of quantitative assays for low levels of
compounds in sample, and is used particularly for the determination of the analytes
in product. Determination of the signal-to-noise ratio is performed by comparing
measured signals from samples with known low concentrations of analyte with those
of blank samples and by establishing the minimum concentration at which the

analyte can be reliably quantified. A typical signal-to-noise ratio is 10:1.

The quantitation limit (DL) may be expressed as:

10 o
S

DL =

Where o = the standard deviation of the response
S = the slope of the calibration curve

The slope S may be estimated from the calibration curve of the analyte. The estimate

of 6 may be carried out in a variety of ways for example:
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5.4. Precision

The precision of an analytical procedure expresses the closeness of agreement
(degree of scatter) between a series of measurements obtained from multiple
sampling of the same homogeneous sample under the prescribed conditions.
Precision may be considered at three levels: repeatability, intermediate precision and

reproducibility.

Precision should be investigated using homogeneous, authentic samples. However,
if it is not possible to obtain a homogeneous sample it may be investigated using
artificially prepared samples or a sample solution.

The precision of an analytical procedure is usually expressed as the variance,
standard deviation or coefficient of variation of a series of measurements. Precision
was considered at three levels: repeatability, intermediate precision and

reproducibility.

Repeatability: Repeatability expresses the precision under the same operating
conditions over a short interval of time. Repeatability is also termed intra-assay

precision

Intermediate precision: Intermediate precision expresses within-
laboratories variations: different days, different analysts, different

equipment, etc.
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5.5. Recovery

Absolute recovery was estimated by comparing the peak areas of standards i
n spiked wine samples with the peak areas of standards in water at three co
ncentration levels. The formula is used to calculate the recovery values as f

ollow.

(amount found in spiked sample — amount found in sample)

Recovery% = x 100

amount spiked

( From: ICH harmonized tripartite guideline --- validation of analytical procedure)
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