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Abstract 
This work presents an innovative silica-layer coated capillary with comparison study of the silica-layer coated capillary and 
the fused-silica capillary for the separation of seven phenolic acids viz. p-hydroxyphenylacetic acid (PHPA), p-coumaric 
acid (PCA), p-hydroxybenzoic acid (PHBA), caffeic acid (CFA), (3,4-dihydroxyphenyl)acetic acid (DHPA), gallic acid (GLA), 
and 2,3,4-trihydroxybenzoic acid (THBA), together with caffeine (CF), by capillary electro-chromatography (CEC) and 
micellar electrokinetic chromatography (MEKC), respectively. The running buffer was 25.0 mM borate at pH 9.0, with 
addition of 50.0 mM sodium dodecyl sulfate for the MEKC mode. The non-coated capillary could not separate all seven 
phenolic acids by CEC or MEKC. This was achieved using the coated capillary for both CEC and MEKC. The innovative 
coated capillary with CEC had plate number N ≥ 2.0 × 104 m−1 and resolution Rs ≥ 1.6 for all adjacent pairs of peaks. The 
capillary was also able to separate GLA and THBA which are structural isomers. Although MEKC mode provided compara-
ble efficiency and selectivity, the reduced EOF of the coated capillary led to longer separation time. The linear calibration 
range of the seven phenolic acids and caffeine were different but the coefficients of determinations (r2) were all > 0.9965. 
The precisions of the relative migration times and peak area ratios of analyte to internal standard were 0.1–1.8% and 
1.8–6.8%, respectively. There were no statistical differences in the efficiency of separation of the phenolic acids and 
caffeine for three coated capillaries. It was applied to the analysis of caffeine and phenolic acids in brewed tea using 
tyramine as the internal standard. The tea samples were diluted prior to analysis by CEC. The separation was less than 
15 min. Caffeine, gallic acid and p-coumaric acid were detected and quantified. Caffeine and gallic acid contents were 
10.8–15.0 and 2.6–4.8 mg g−1 dry tea leaves, respectively. p-Coumaric acid was detected in only one of the samples with 
a content of 0.4 mg g−1. Percent recoveries of spiked diluted samples were 90 ± 9 to 106 ± 13%, respectively.
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Article highlights 

•    Silica-layer coated capillary is first reported for simultaneous separation of seven phenolic acids by non-MEKC analysis.
•	 Performance between coated, and non-coated capillaries with analysis by CEC and MEKC were compared.
•	 Plate number, resolution, capillary reproducibility, and electroosmotic flow mobility are investigated.

Graphical abstract
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capillary · Tea

Abbreviations
CEC	� Capillary electro-chromatography
CF	� Caffeine
CFA	� Caffeic acid
CMC	� Critical micelle concentration
CTAB	� Cetyltrimethyl ammonium bromide
DHPA	� (3,4-Dihydroxyphenyl)acetic acid
EOF	� Electroosmotic flow
GLA	� Gallic acid
HPLC	� High Performance Liquid Chromatography
LOD	� Limit of detection
MEKC	� Micellar electrokinetic chromatography
PCA	� p-Coumaric acid
PHBA	� p-Hydroxybenzoic acid
PHPA	� p-Hydroxyphenylacetic acid
RMT	� Relative migration time

RSD	� Relative standard deviation
SDS	� Sodium dodecyl sulfate
SEM	� Scanning electron microscopy
THBA	� 2,3,4-Trihydroxybenzoic acid

1  Introduction

Tea is a health-promoting drink as shown by nutrition 
research [1]. The chemical composition of tea depends on 
its production process. One type of compounds found in 
all tea is the flavanols which are antioxidants [2]. A typi-
cal serving of tea (250–300 mg dry tea leaves) contains 
30–40% w/w catechin and 3–6% w/w caffeine [3]. Caffeine 
is well known to help stimulate attention, and reduce 
fatigue [4]. Another class of compounds found in tea is 
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the phenolic acids, such as gallic acid (GLA), p-coumaric 
acid (PCA), various derivatives of quinic acid, isomers of 
caffeoylquinic acid and caffeoyl glucose [5]. The main 
gallic ester component of tea, (−)-epigallocatechin gal-
late (EGCG) and its dimer, can decompose to gallic acid 
at high temperature during the manufacturing process 
and polymerize into pigments [2, 6]. The latter influences 
the pH and color of tea [7, 8]. Phenolic acids have health 
promoting properties, such as antioxidant, antimicrobial, 
anticancer, anti-inflammatory, and anti-mutagenic [9, 10].

Reports of HPLC–UV/DAD analysis of phenolic acids 
in tea are listed in Table S1 (Supplementary Information 
A). Sample extraction was either with hot water or alco-
hols [11–15]. Capillary electrophoresis with UV detection 
method (CE-UV) for analysis of phenolic acids and poly-
phenols are given in Table 1 [8, 16–20, 29]. Most studies 
employed micellar electrokinetic chromatography (MEKC) 
using borate buffer and sodium dodecyl sulfate (SDS) [16, 
17, 19, 20]. MEKC analysis with conventional non-coated 
capillary is the most common method for quantitative 
analysis of phenolic acids and polyphenol compounds. 
MEKC analysis employs surfactants to form micelles as 
a “pseudo-stationary phase” [21]. The concentration of 
the surfactant must be higher than its critical micellar 
concentration, which is ca. 8.2 mM at 25 °C. However, too 
high surfactant concentration leads to large electropho-
retic current that can cause Joule heating problem and 
increased viscosity of the running buffer [22–24]. The ana-
lytical features of the analysis of gallic acid and caffeine in 
fruit juices, wheat flour, and tomato samples including tea 
samples, viz. linear range, limit of detection (LOD), preci-
sion, recovery, and analysis time, are also listed in Table 1.

This work describes the first application of CEC with 
highly efficient innovative silica-layer coated capil-
lary for the separation of seven phenolic acids viz. 
p-hydroxyphenylacetic acid (PHPA), p-coumaric acid 
(PCA), p-hydroxybenzoic acid (PHBA), caffeic acid (CFA), 
(3,4-dihydroxyphenyl)acetic acid (DHPA), gallic acid (GLA), 
and 2,3,4-trihydroxybenzoic acid (THBA), and caffeine (CF). 
The method, with tyramine as internal standard, is applied 
to the analysis of caffeine and the seven phenolic acids in 
brewed tea samples using direct injection into the capil-
lary electrophoresis system. The developed method is vali-
dated in terms of linear calibration range, limit of detec-
tion, precision and recovery of spiked samples.

2 � Experimental

2.1 � Chemicals

Gallic acid (GLA, 3,4,5-trihydroxybenzoic acid), p-cou-
maric acid (PCA, (2E)-3-(4-hydroxyphenyl)acrylic acid), 

p-hydroxyphenylacetic acid (PHPA, (4-hydroxyphenyl)ace-
tic acid), p-hydroxybenzoic acid (PHBA), 4-hydroxybenzoic 
acid), 2,3,4-trihydroxybenzoic acid (THBA), caffeine (CF, 
1,3,7-trimethylpurine-2,6-dione) and tyramine, 4-(2-ami-
noethyl)phenol) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). (3,4-Dihydroxyphenyl)acetic acid (DHPA) 
and caffeic acid (CFA, (2E)-3-(3,4-dihydroxyphenyl)acrylic 
acid) were purchased from TCI (Portland, OR, USA). Sodium 
dodecyl sulfate (SDS) was from Alfa Aesar (Lancashire, 
UK). Methanol was purchased from Scharlau (Sentmenat, 
Spain). Boric acid was purchased from Merck (Darmstadt, 
Germany). Ultrapure water (18.0 MΩ·cm) was produced 
from Milli-Q Advantage A10 water purifying system 
(Merck, Darmstadt, Germany).

2.2 � Preparation of standard solutions and samples

Stock 100.0 mM standard solutions of individual phe-
nolic acid, viz. PHPA, PHBA, GLA, DHPA, and THBA, were 
prepared in 1.00 mL of MeOH–H2O (20:80 v/v), while PCA 
and CFA were prepared in 1.00 mL of MeOH–H2O (40:60 
v/v). Stock 100.0 mM caffeine standard was prepared in 
10.00 mL ultrapure water. The internal standard (IS) was 
6.0 mM tyramine in methanol. All stock solutions were 
stored at 4  °C. For constructing the calibration plots 
working standard solutions were freshly prepared from 
the stock standards by diluting with the running buffer. 
The running buffer (25.0 mM borate buffer, pH 9.0) was 
prepared from boric acid and adjusting the pH to 9.0 
with 0.1 M NaOH. For MEKC, the borate buffer contained 
50.0 mM SDS.

Tea samples were purchased from local supermarkets in 
Bangkok, Thailand. An accurate weight of dry tea leaves is 
infused with 15.0 mL of water at 80 °C for 10.0 min. After 
cooling to room temperature, the solution is first filtered 
with Whatman no. 1 filter paper to remove the tea leaves, 
and then with a 0.45 µm cellulose acetate syringe filter 
(Filtrex Technologies, Bangkok, Thailand). An aliquot of 
the clear filtrate is diluted with ultrapure water. A second 
aliquot of the diluted tea solution is further diluted with 
the running buffer and the internal standard added. The 
final dilution depends on the tea sample (T1, T2 or T3) and 
the analyte to be quantified (caffeine, GLA or PCA). In all 
cases, the final solution for injection into the CEC-UV sys-
tem contains the same concentration of the IS (i.e. 0.15 mM 
tyramine), including the standard solutions of caffeine and 
phenolic acids employed for calibration.

2.3 � Capillary electrophoresis with UV detection

The capillary electrophoresis instrument with a UV detec-
tor is an in-house assembled instrument (see picture of 
the system in Fig. S1 of Supplementary Information B). 
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It consists of a UV detector (Applied Biosystem, 785A 
UV detector, CA, USA), a high voltage (HV) power supply 
(Spellman CZE1000R, Hauppauge, USA). The analog out-
put from the detectors are recorded via a data acquisition 
system from eDAQ (Denistone East, NSW, Australia). The 
fused-silica capillaries (50 µm i.d., 360 µm o.d.) are from 
Polymicro Technologies (Phoenix, AZ, USA). The capillary 
used for the electrophoresis is 60.0 cm long, with 38.0 cm 
effective length. The capillary is conditioned prior to use 
by rinsing with 0.1 M NaOH, ultrapure water, and running 
buffer for 5, 10 and 5 min, respectively, using a syringe 
pump (model CEC-MSP-001, Unimicro Technologies, CA, 
USA) connected to a 0.25-mm i.d. Tygon® tubing (Tygon 
S3™, Cole-Parmer®, IL, USA). The running buffer for CEC 
is 25.0 mM borate buffer (pH 9.0) and with addition of 
50.0  mM SDS for MEKC. Electrokinetic injection is at 
354 V cm−1 (21,000 V) for 3 s. The separation field strength 
is 354 V cm−1 (21,000 V) and UV-absorbance detection is at 
280 nm.

2.4 � Preparation of silica‑layer coated capillary 
by hydrothermal sol–gel process

The process for coating the inner wall of the fused-silica 
capillary using a hydrothermal sol–gel method was pre-
viously developed by our group [25], based on previous 
reported methods [26–28]. The sol–gel mixture consists 
of cyclohexane (3.00 mL), TEOS (500 µL), ultrapure water 
(3.00 mL), CTAB (100 mg), urea (60.0 mg), 0.10 mM ace-
tic acid (440 µL), and n-pentanol (92 µL). The mixture is 
homogenized using an ultrasonic probe (2 kHz, 20 watts) 
for 30 s. The sol–gel mixture is then immediately pumped 
into the capillary using a syringe pump at flow rate of 3.0 
µL min−1 for 5 min. The capillary had been conditioned 
previously by flushing with 50% MeOH, 1.0 M NaOH and 
ultrapure water, respectively. The ends of the capillary are 
then sealed with GC septa and the capillary heated in a gas 
chromatograph oven (HP 6890A, Agilent, Santa Clara, CA, 
USA) for 4 h at 70 °C. After cooling to room temperature, 
the capillary is rinsed with ethanol and ultrapure water 
and kept in an oven at 50 °C until required. Morphology 
of the inner wall of the coated capillary was observed by 
scanning electron microscopy (SEM). Figure S2(a)(iii) of 
Supplementary Information C shows that a layer of uni-
form silica beads of ca. 100 nm thickness (see Fig. S2(a)
(ii)) is deposited on the inner wall of the capillary [25]. The 
composition of deposited silica layer was characterized by 
FT-IR spectra. IR bands are observed at 786 cm−1, 963 cm−1 
and 1052 cm−1, which are characteristics of the Si‒O, Si‒
OH and Si‒O‒Si bonds, respectively [25].

3 � Results and discussion

3.1 � Comparison of separation performance 
of non‑coated and innovative silica‑layer 
coated capillaries using MEKC and CEC with UV 
detection

3.1.1 � Separation mode

Table  2 shows the chemical structures of the seven 
phenolic acids, caffeine and the tyramine (the internal 
standard) and their abbreviations. The compounds were 
employed in the study of their separation using CEC and 
MEKC employing conventional fused-silica capillary and 
the innovative silica-layer coated capillary, respectively. 
Running buffers were 25.0 mM borate buffer (pH 9.0) for 
CEC with addition of 50.0 mM SDS for MEKC.

The optimized concentration of 50.0  mM SDS was 
employed for MEKC mode (see Fig. S3, Supplementary 
Information D). Figure 1 shows the electropherograms 
from this study. The CEC with non-coated capillary is able 
to separate only four compounds as shown in Fig. 1a (i), 
viz. PHPA (Peak 1), PCA (Peak 2), PHBA (Peak 3), and caf-
feine (Peak CF). The MEKC mode is more effective (see 
Fig. 1a (ii)) with separation of the phenolic acids, PHPA 
(Peak 1), PCA (Peak 2), and THBA (Peak 7). However, it was 
not able to separate CFA (Peak 4), DHPA (Peak 5), and GLA 
(Peak 6). Figure 1b shows that the coated capillary gave 
baseline separation of all 8 compounds for both CEC and 
MEKC modes of separation. The separation of CFA, DHPA, 
GLA and THBA have not been previously reported using 
MEKC with conventional capillaries [19, 20, 29]. This is also 
the first report of the separation of the two isomers, GLA 
and THBA, which are structural isomers (see Table 2 for 
structures).

The coated capillary with MEKC has a much longer 
separation time due to partitioning of the compounds 
into the anionic micelles [8, 19]. The CEC analysis has a 
total separation time of 15 min, which is about 4 times 
faster than the MEKC separation. In addition, MEKC mode 
has a higher electrophoretic current than the CEC. The 
electrophoretic current of the MEKC is 18 µA for both 
coated or non-coated capillaries, compared with 6 µA for 
CEC. Thus the CEC systems produce less Joule heating and 
lower band broadening.

3.1.2 � Separation efficiency

Separation efficiency, expressed as plate number per effec-
tive capillary length (m−1), was calculated by the equation 
N = 5.54 × (tm /W1/2)2 × (1/leff), where tm is migration time 
(s), leff is the effective length of the capillary (m) and W1/2 
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is the peak width at half maximum height using the Pow-
erChrom software (eDAQ, Denistone East, NSW, Australia). 
For the silica-layer coated capillary the efficiencies are in 
the range of 0.3–13 × 104 m−1 for both modes. Figure 2a 
shows the bar graphs of the efficiencies for the 7 phenolic 
acids. Measurements of the resolution Rs for all pairs of 
adjacent peaks in the four electropherograms in Fig. 1 are 
listed in Table S2 (Supplementary Information E). The Rs 
values for the silica-layer coated capillary are in the range 
of 1.6–22.0, respectively.

3.1.3 � Electroosmotic flow mobility

The effect of the layer of silica coating on the electroos-
motic flow was also studied. The EOF mobility was deter-
mined from conductivity measurements as described in 
a previous report [30]. The measured values of the EOF 
mobilities (cm2 V−1 s−1) are given in Table 3. As expected, 
coating of the silica capillary decreased the EOF mobili-
ties for both the CEC and MEKC modes. The EOF mobili-
ties of coated capillary for different buffers, viz. 25.0 mM 
phosphate buffer pH 2.70, 25.0 mM acetate buffer pH 
4.00 and 25.0 mM borate buffer pH 9.00 are 0.78 ± 0.08, 
2.57 ± 0.07 and 4.02 ± 0.04 × 10−4 cm2 V−1 s−1, respectively. 
The increase of mobility at the higher pH is as expected 
as more silanol groups on the surface of the silica wall are 
ionized.

The EOF mobilities for MEKC are always lower than for 
the CEC. The low EOF of the coated capillary for MEKC 
mode leads to longer migration times and band broaden-
ing of analytes with low net mobilities. More efficient dissi-
pation of Joule heating is observed with a coated capillary, 
especially with MEKC, as it is more sensitive to temperature 
variation than the CEC mode [22]. The use of coated capil-
lary is of benefit when using in-house CE system that has 
no temperature control.

3.2 � Analytical features of CEC‑UV separation 
of phenolic acids and caffeine using 
the silica‑layer coated capillary

3.2.1 � Calibration

Table 4 lists the linear ranges, calibration equations, coef-
ficients of determination, instrumental LOD, precisions of 
relative migration time and peak area ratio (ratio of peak 
areas of analyte and internal standard in the same electro-
pherogram) for the CEC-UV separation with the innovative 
silica-layer coated capillary [31]. Tyramine is used as the 
internal standard. The linear calibration range of the seven 
phenolic acids and caffeine have different ranges but the 
coefficients of determinations (r2) are > 0.9965.

3.2.2 � Precision

The precisions of relative migration times and peak area 
ratios are calculated from three replicate injections of a 
standard mixture containing 50 µM caffeine, 100 µM PHPA, 
16 µM PCA, 60 µM PHBA, 50 µM CFA, 40 µM DHPA, 20 µM 
GLA, 20 µM THBA, and 0.15 mM tyramine (IS). The preci-
sions are 0.1–1.8%RSD and 1.8–6.8%RSD, respectively.

3.2.3 � Limit of detection

The instrumental limit of detection (LOD) is calculated 
from 3 × (SD of regression)/(slope of regression) [32, 33]. 
The values are 1.8–19.4 µM for the acids and 3.4 µM for 
caffeine.

3.2.4 � Reproducibility of capillary efficiency

The values of plate number N per one meter of effec-
tive capillary length of 3 different coated capillaries for 
separation of seven phenolic acids (see examples of 
electropherograms in Fig. S4 of Supplementary Informa-
tion F), viz. PHPA, PCA, PHBA, CFA, DHPA, GLA, and THBA 
and caffeine are: 0.9–1.1 × 105  m−1, 1.3–1.6 × 105  m−1, 
1.3–1.4 × 105  m−1, 5.8–6.9 × 104  m−1, 5.0–6.9 × 104  m−1, 
3.5–5.9 × 104 m−1, 0.4–3.1 × 104 m−1, and 1.9–2.6 × 104 m−1, 
respectively (see Fig. 2b). The mean N (n = 3) of all seven 
phenolic acids and caffeine are 1.0 × 105 m−1, 1.5 × 105 m−1, 
1.3 × 105 m−1, 6.5 × 104 m−1, 6.2 × 104 m−1, 4.6 × 104 m−1, 
1.5 × 104, and 2.1 × 104 m−1, respectively. The values of N 
of all seven phenolic acids and caffeine of the 3 capillaries 
tested lie within the range of mean ± 3SD, indicating that 
there is no statistical difference between the capillaries. 
Thus, the coating is highly uniform and reproducible for 
all the 3 capillaries.

3.3 � Analysis of tea samples by CEC‑UV using 
innovative silica‑layer coated capillary

Samples of tea leaves were infused in hot water, cooled, 
filtered and diluted. The dilution factors of each tea sam-
ple are given in Table  5. These factors were obtained 
from prior experimental tests. Figure 3a shows the elec-
tropherograms of diluted sample T1 for dilution factors 
of 10-, 20-, and 60-fold, respectively, and for the 60-fold 
dilution with spiked standard mixture (Fig. 3a (i), (ii), (iii) 
and (iv), respectively). Although salicylic acid is not a 
phenolic acid, it was added to assist the identification of 
peaks when there are multiple unknown peaks. The elec-
tropherogram of standard mixture is also given in Fig. 3a 
(v) for comparison. High dilution factors lead to reduction 
of matrix peaks and increased resolution of peaks. Dilution 
factors of 20- to 60-fold gave baseline separatuion of PCA 
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and GLA, respectively, and factors of 60- to 100-fold for CF. 
Figure 3b shows representative electropherograms of sam-
ple T1. Figure 3b (i) is the electropherogram of the 40-fold 
diluted tea sample and Fig. 3b (ii) is of the same sample 
but spiked with PCA (at 5 µM) and GLA (at 10 µM), respec-
tively. The quantitation of caffeine and phenolic acids in 
the three diluted tea samples are given in Table 5. Caffeine 

(CF) and gallic acid (GLA) were detected in all samples, but 
p-coumaric acid (PCA) was found in only sample T1. The 
other 5 phenolic acids were not detected in all samples. 

Percent recoveries of CF, PCA and GLA in diluted sample 
T1, and of CF and GLA in diluted samples T2 and T3, were 
carried out. The percent recovery was calculated from % 
Recovery = [(S1 − S2)/S0] × 100, where S0 is the peak area 

Table 2   IUPAC names, common names (abbreviations) and chemical structures of the seven phenolic acids, caffeine and tyramine (internal 
standard)

NOTE: GLA and THBA are structural isomers

IUPAC name Common name (abbreviation) Structure

1,3,7-Trimethylpurine-2,6-dione Caffeine (CF)

 
(4-Hydroxyphenyl)acetic acid p-Hydroxyphenylacetic acid (PHPA)

 
(2E)-3-(4-Hydroxyphenyl)acrylic acid p-Coumaric acid (PCA)

 
4-Hydroxybenzoic acid p-Hydroxybenzoic acid (PHBA)

 
(2E)-3-(3,4-Dihydroxyphenyl)acrylic acid Caffeic acid (CFA)

 
(3,4-Dihydroxyphenyl)acetic acid – (DHPA)

 
3,4,5-Trihydroxybenzoic acid Gallic acid (GLA)

 
2,3,4-Trihydroxybenzoic acid – (THBA)

 
4-(2-Aminoethyl)phenol Tyramine (IS)
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ratio of the standard solution, S1 is the peak area ratio of 
spiked diluted sample, and S2 is the peak area ratio of the 
non-spiked diluted sample. The percent recoveries are in 
the range of 90 (± 9) % to 106 (± 13) % (n = 3). The small 
shift in migration times between non-spiked and spiked 
samples in Fig. 3a (iii) and (a) (iv) and also in Fig. 3b is due 
to the siphoning effect resulting from the imprecision in 
the placement of the buffer container inherent with the 
in-house capillary system.

The relative migration times (RMT) are shown in Table 5. 
The values are 1.29–1.38 for caffeine, 4.62–8.80 for GLA 
and 2.97 for PCA. The intra-day precisions are in the range 
of 0.36–4.12%RSD. Using the dilution factor, the initial 
volume of the brew (15.0 mL) and the accurate weight of 
the samples of tea leaves (ca. 1.0 g), the contents of caf-
feine (CF), gallic acid (GLA) and p-coumaric acid (PCA) can 
be calculated in unit of mg g−1 tea leaves. The results are 
given in Table 5. Caffeine contents are 10.8 ± 0.5, 15.0 ± 1.1 
and 15.0 ± 1.3 mg g−1, and the GLA contents are 2.6 ± 0.1, 
3.9 ± 0.1, and 4.8 ± 0.4 mg g−1, for samples T1, T2 and T3, 
respectively. Sample T1 also has PCA at 0.35 ± 0.04 mg g−1. 
The LOD of analysis are 1.0–1.8  mg  g−1 for caffeine, 
0.7–1.2 mg g−1 for GLA and 0.2 mg g−1 for PCA, respec-
tively, depending on the dilution factor. The contents of 
caffeine and the two phenolic acids are similar to previous 
reports [11, 12, 14, 15, 17].

This method, with tyramine as internal standard, is 
the first application of coated capillary with CEC for the 
analysis of caffeine and phenolic acids in tea samples. The 
separation time is 15 min with only dilution prior to direct 
injection into the capillary electrophoresis system. Table 1 
lists the application of MEKC-UV for analysis of phenolic 
acids and polyphenols. Most of the reports employ con-
ventional non-coated capillary. MEKC has limitation when 
using SDS concentrations very much above the CMC due 
to the Joule heating effect. This is of particular problem 
for in-house assembled capillary electrophoresis with no 
efficient temperature control.

4 � Conclusions

An innovative silica coated capillary was successful in sep-
arating seven phenolic acids and caffeine using CEC. Previ-
ous methods employed the MEKC mode with conventional 
non-coated capillary (see Table 1). The running electrolyte 
in this work was boric acid at pH 9.0 and detection was UV 
absorbance at 280 nm. The coated capillary has a lower 
EOF mobility than the non-coated capillary but still has 
a total separation time of 15 min. The modified capillary 
has a plate number N ≥ 2.0 × 104 m−1 and peak resolution 
Rs ≥ 1.6 for all adjacent pairs of peaks of the 8 compounds. 
The plate numbers of all analytes measured using three 
silica coated capillaries lay within mean ± 3SD. The linear 
calibration range of the seven phenolic acids are differ-
ent but span 2–250 µM. The coefficients of determination 
(r2) for the acids are > 0.9965, with instrumental LOD in 

Fig. 1   Electropherograms of caffeine and seven standard phenolic 
acids using a fused-silica capillary and b silica-layer coated capil-
lary. (i) CEC mode. (ii) MEKC mode. Sample: 100 µM caffeine (Peak 
CF), 200 µM PHPA (Peak 1), 50 µM PCA (Peak 2), 100 µM PHBA (Peak 
3), 200 µM CFA (Peak 4), 200 µM DHPA (Peak 5), 200 µM GLA (Peak 
6), and 200  µM THBA (Peak 7) (abbreviations as given in Table  2). 
The separation parameters are: running buffer: 25.0  mM borate 
buffer (pH 9.0) for CEC mode, addition of 50.0  mM SDS for MEKC 
mode; electrokinetic injection: 21,000  V for 3  s; field strength: 
21,000 V; UV detection: 280 nm
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Fig. 2   Bar graphs of a plate 
number N per one meter of 
effective capillary length of 
the silica-layer coated capillary 
for CEC (dark blue) and MEKC 
(light blue) calculated using 
the peak widths of caffeine 
(CF) and 7 phenolic acids 
(PHPA, PCA, PHBA, CFA, DHPA, 
GLA, and THBA). b Bar graphs 
of plate number N per meter 
of the 7 phenolic acids and 
caffeine (CF) for three different 
coated capillaries. Concen-
trations of the compounds 
are: 100 µM caffeine (CF), 
200 µM PHPA, 50 µM PCA, 
100 µM PHBA, 200 µM CFA, 
200 µM DHPA, 200 µM GLA, 
200 µM THBA. The separation 
parameters are: running buffer: 
25.0 mM borate buffer (pH 
9.0); electrokinetic injection: 
21,000 V for 3 s; field strength: 
21,000 V; UV detection: 
280 nm. Data are mean ± SD 
(n = 3). See Table 2 for abbrevia-
tions of the phenolic acids PHPA PCA PHBA CFA DHPA GLA THBA
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the range of 1.8–19.4 µM. Caffeine has a linear calibration 
range of 5–100 µM (r2 > 0.9994), with instrumental LOD of 
3.4 µM.

The system was applied to the analysis of caffeine 
and phenolic acids in infused tea samples prepared with 
hot water. After cooling, filtering and serial dilution with 
ultrapure water and running buffer, the samples were 
analyzed using electrokinetic injection. Caffeine and gal-
lic acid were detected and quantified in all three samples, 
using tyramine as the internal standard. p-Coumaric acid 
was also detected in one sample. The method is conveni-
ent, rapid with separation time of only 15 min and has 

Table 3   EOF mobilities from using four separation systems: silica-
layer coated capillary-CEC mode, silica-layer coated capillary-MEKC 
mode, fused-silica capillary-CEC mode, and fused-silica capillary-
MEKC mode

Capillary type and separation mode EOF ± SD (× 10–4) 
(%RSD) cm2 V−1 s−1, 
n = 3

Silica-layer coated capillary
CEC mode 2.84 ± 0.13 (4.6)
MEKC mode 1.46 ± 0.12 (7.9)
Fused-silica capillary
CEC mode 5.65 ± 0.06 (1.1)
MEKC mode 4.26 ± 0.04 (0.9)

Table 4   Validation data for CEC separation of phenolic acids and caffeine using silica-layer coated capillary and UV detection

a LOD calculated from 3 × (SD of regression)/(slope of regression)

Compound Linear range (µM); regression equation ± SD, r2 LODa (µM) Precision (%RSD) (n = 3)

Relative migration 
time

Peak area ratio

Caffeine 5–100; y = (0.0547 ± 0.0009)x – (0.14 ± 0.05), 0.9994 3.4 0.1 3.7
PHPA 15–200; y = (0.0073 ± 0.0001)x + (0.07 ± 0.01), 0.9993 6.3 0.7 4.9
PCA 2–65; y = (0.092 ± 0.001)x – (0.02 ± 0.04), 0.9992 1.8 0.6 1.8
PHBA 8–250; y = (0.0213 ± 0.0002)x – (0.00 ± 0.02), 0.9972 4.0 0.7 4.9
CFA 25–150; y = (0.041 ± 0.003)x – (0.7 ± 0.3), 0.9881 19.4 1.5 6.0
DHPA 20–160; y = (0.0168 ± 0.0007)x + (0.04 ± 0.07), 0.9965 11.7 1.6 5.7
GLA 14–200; y = (0.0404 ± 0.0008)x + (0.01 ± 0.08), 0.9984 7.9 1.7 6.8
THBA 14–200; y = (0.0425 ± 0.0007)x – (0.08 ± 0.08), 0.9988 7.0 1.8 3.7

Table 5   Results of CEC-UV analysis using silica-layer coated capillary of caffeine and phenolic acids in diluted brewed tea samples (T1, T2 
and T3), together with the calculated contents in mg g−1 and percent recovery of spiked diluted samples

a Relative migration time (RMT): ratio of migration time of compound to migration time of internal standard (0.15 mM tyramine)
b Instrumental LODs of 6 µM for PHPA, 2 µM for PCA, 4 µM for PHBA, 19 µM for CFA,12 µM for DHPA, and 7 µM for THBA
c Not Detected (< LOD of analysis; 0.2 and 0.3 mg PCA g−1 dry weight of tea leaves for T2 and T3, respectively)

Sample Detected 
com-
pound

Relative migration time 
(RMT) a

Dilution factor Measured concentration ± SD (n = 3) 
(µM)

Percent recov-
ery ± SD (%) 
(%RSD)

Calculated con-
tent ± SD (n = 3) 
(mg g−1)c

RMT ± SD (n = 3) %RSD Amount in 
non-spiked 
sampleb

Spiked 
stand-
ard

Amount 
in spiked 
sample

T1 CF 1.29 ± 0.00 0.36 100-fold 37 ± 2 10 47 ± 1 90 ± 10 (13) 10.8 ± 0.5
PCA 2.97 ± 0.00 1.27 40-fold 4 ± 0 5 9 ± 1 110 ± 10 (12) 0.35 ± 0.04
GLA 7.40 ± 0.23 3.10 40-fold 26 ± 1 10 35 ± 1 90 ± 9 (10) 2.6 ± 0.1

T2 CF 1.38 ± 0.01 0.66 150-fold 29 ± 2 10 38 ± 1 95 ± 10 (10) 15.0 ± 1.1
GLA 4.62 ± 0.19 4.12 40-fold 30 ± 1 10 39 ± 1 90 ± 6 (6) 3.9 ± 0.1

T3 CF 1.36 ± 0.01 0.41 150-fold 32 ± 3 10 42 ± 1 100 ± 10 (10) 15.0 ± 1.3
GLA 8.80 ± 0.07 0.81 60-fold 29 ± 3 10 39 ± 1 100 ± 9 (11) 4.8 ± 0.4
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Fig. 3   a Electropherograms 
for different dilution factors 
of sample T1. (i) Tenfold dilu-
tion, (ii) 20-fold dilution, (iii) 
60-fold dilution, (iv) 60-fold 
dilution spiked with 50 µM 
PHPA, 3.5 µM PCA, 15 µM 
PHBA, 50 µM salicylic acid (SA), 
12.5 µM CFA, 50 µM DHPA, 
45 µM GLA, and 60 µM THBA 
and (v) mixture of standard 
phenolic acids and caffeine at 
25 µM caffeine (CF), 100 µM 
PHPA, 7 µM PCA, 30 µM PHBA, 
170 µM SA, 25 µM CFA, 100 µM 
DHPA, 90 µM GLA, and 120 µM 
THBA. See peak identifica-
tions are as shown in Fig. 1, *: 
unidentified peak. b Electro-
pherograms of 40-fold diluted 
tea sample T1: non-spiked 
(red) and spiked (blue) with 
10 µM caffeine (CF), 5 µM PCA 
(peak 2) and 10 µM GLA (peak 
6), respectively. Inset is the 
expanded views of PCA and 
GLA peaks. Peak identification: 
IS: tyramine; CF: caffeine; peak 
2: PCA; peak 6: GLA; ∗ : uniden-
tified peak
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potential for convenient determination of phenolic acids 
and caffeine content for assessment of tea quality.
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