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acids in tea by off-line two-dimensional liquid
chromatography†
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D-amino acids are currently paid attention to as new physiologically active substances. Foodstuffs and

beverages containing D-amino acids are a matter of interest. Until now, the profiles of D-amino acids

have not been reported in natural and fermented teas except theanine. In this study, an off-line

2D-HPLC method combining a Gemini C18 column and a CHIRALPAK® IC-3 column or a self-prepared

poly(MQD-co-HEMA-co-EDMA) monolithic capillary column was employed for the separation and

detection of D-amino acids in tea samples with the co-existence of a large amount of L-amino acids. The

free amino acid fractions in longjing, black, oolong, and pu-erh tea samples were separated and

collected after pre-column derivatization using 9-fluorenylmethoxycarbonyl (FMOC) chloride in the

reversed-phase mode, and then were concentrated and separated to D- and L-forms on a chiral column.

Among them, the D-form of isoleucine (Ile) (1.0–1.6%), alanine (Ala) (0.1–0.8%), phenylalanine (Phe)

(0.1–0.4%), valine (Val) (0.2–0.3%), serine (Ser) (0.1–0.2%), aspartic acid (Asp) (0.2%), and proline (Pro)

(0.1%) were detected in longjing and oolong teas. Differences between natural tea and fermented tea in

the profiles of D-amino acids as well as the total amino acids were also observed. The results provided

useful information for the bio-function research of D-amino acids in tea.
Introduction

Tea, one of the most consumed beverages, is becoming
increasingly popular in the world.1 Depending on the
manufacturing process attaining different levels of fermenta-
tion, tea is classied into green and white tea (unfermented),
oolong tea (semi fermented), black tea (fully fermented) and pu-
erh tea (post fermented).2,3 That is how each tea with different
fermentation treatments acquires its unique refreshing taste,
attractive aroma, and potential health benets.4 These impor-
tant physiological properties and potential health benets were
attributed to the presence of compounds such as amino acids,
polyphenols, vitamins, carbohydrates, caffeine, and purine
alkaloids.4,5 Amino acids exist in large quantities in our food-
stuffs, beverages and health products and play an important
role in identication, classication, biological effects, quality
control and optimizing process.6–8 For instance, Alcazar et al.
had classied ve kinds of teas according to their free amino
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acids.9 Moreover, a relationship between free amino acids and
the fermentation level in pu-erh tea was studied by Zhu et al..10

It was found that the amino acid concentration increased aer
7-day fermentation and then decreased gradually. The
predominant amino acids (glutamine, arginine and theanine)
in tea were also performed to select high-quality green tea leaf
by Miyauchi et al..11

D-Amino acids were thought to be harmful to human health,
for example, the presence of D-amino acids in proteins led to
a decrease in digestibility and the availability of the other amino
acids.12 However, their importance and physiological functions
had been gradually realized. Kolodkin-Gal et al. found that D-
amino acids could promote bacterial biolm dispersion.13 D-
serine acts as a candidate molecule to improve the cerebral and
cerebellar functions,14 while D-aspartic acid plays an important
role in hormonal synthesis and secretion.15 It is worth
mentioning that orally administered D-amino acids are
distributed in the brain and peripheral tissues.16 Therefore, the
research and discovery of D-amino acid functional food prod-
ucts have been prevalent in recent years. Furthermore, D-amino
acids were also widely used in other research elds besides their
physiological function. For example, Tian et al. realized that
milk origins could be differentiated based on the D-to L-amino
acid ratio-based projection scores by principal component
analysis.17 Moreover, Bruckner et al. did a lot of research about
D-amino acids in fruits, foods, trees and so on.18,19 What's more,
Anal. Methods, 2017, 9, 6131–6138 | 6131
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they realized that the fermentation degree would inuence the
percentage of D-amino acids.20 On one hand, many D-amino
acids were known as components of microbial peptide antibi-
otics. On the other hand, amino acids in food proteins under
fermentation conditions changed their optical conguration
from L to D through racemization or epimerization. In addition,
there were lots of reports about D-amino acids in foodstuffs and
beverages.21–23 Most of the test samples were fermented prod-
ucts. However, few reports were available about the presence
and changes of free D-amino acid proles and their levels during
fermentation of tea except D-theanine.3 The main reason is that
a large amount of L-amino acids will usually disturb the detec-
tion of their D-forms and it is difficult to achieve the chiral
separation for many amino acids under the same chromato-
graphic conditions.

The reports about chiral separation by two-dimensional
liquid chromatography have been booming in the recent
years.24–26 There is no doubt that two-dimensional liquid chro-
matography is powerful in separation and analysis of complex
biological samples. By a combination of different separation
modes, this system maximizes the selectivity and peak capacity
in the separation of complex samples.27 In general, an on-line
system offers the advantage of rapidity, good repeatability, high
peak capacity and automation. However, it suffers from the
limitation of analytical time in the second-dimension separa-
tion and the compatibility of the mobile phase.28 Different from
the on-line system, the off-line system still has the advantage of
high peak capacity and strong separating force, but costs a large
amount of labor and longer analytical time. In Gonzalez's
studies, an off-line system was developed to separate poly-
chlorinated biphenyl (PCB) chiral congeners.29 The off-line
approach also provides more exibility for the selection of
column dimensions and chromatographic conditions when we
need to independently optimize the second-dimension analyt-
ical conditions for different fractions. What's more, the organic
solvents in the rst dimension were able to be evaporated, so
that fractions could be concentrated or dissolved in a different
solvent prior to reinjection.30

In this study, we described an off-line two-dimensional
HPLC system and its application for the determination of the
amino acid enantiomers in tea. Firstly, we extracted the amino
acids from four different kinds of teas and separated them by
HPLC using a Gemini C18 column (250 mm � 10 mm, I.D.,
5 mm, Phenomenex) aer the derivatization using FMOC-Cl in
the rst dimension. Aer enrichment and concentration, indi-
vidual amino acids collected from oolong tea and longjing tea
were run through a chiral column in the second dimension for
the enantiomeric separation. Two chiral columns, i.e.
a CHIRALPAK® IC-3 column (150 mm � 4.6 mm, 3 mm) and the
poly(MQD-co-HEMA-co-EDMA) monolithic capillary column
(180 mm � 100 mm I.D.),31 were employed in order to further
conrm the presence and percentage of several D-amino acids.

The objective of this work was to evaluate the free amino
acids and investigate some of their enantiomers in tea by off-
line two-dimensional chromatography. Furthermore, differ-
ences between natural tea and fermented tea in the amounts of
D-amino acids as well as the total amino acids were investigated.
6132 | Anal. Methods, 2017, 9, 6131–6138
Experimental
Chemicals and reagents

2,20-Azobisisobutyronitrile (AIBN), 3-(trimethoxysilyl), methac-
rylate (g-MAPS), ethylene dimethacrylate (EDMA), 2-hydrox-
yethyl methacrylate (HEMA), 11-dihydroquinidine (MQD),
methanol (MeOH), quinidine, ammonium acetate, acetic acid,
ethyl acetate, triuoroacetic acid (TFA), boric acid, ammonium
hydroxide, n-pentane, acetonitrile (ACN), acetic acid, tetrahy-
drofuran (THF), ammonium acetate and sodium acetate were
all purchased from Aladdin Chemicals (Shanghai, China).
Isopropanol and n-hexane were purchased from CNW
(Shanghai, China). 9-Fluorenylmethoxycarbonyl (FMOC) chlo-
ride and all racemic amino acids (histidine (His), arginine (Arg),
glutamine (Gln), asparagine (Asn), serine (Ser), methionine
(Met), threonine (Thr), aspartic acid (Asp), glutamic acid (Glu),
threonine (Thr), theanine (Thea), glycine (Gly), alanine (Ala),
tyrosine (Tyr), proline (Pro), valine (Val), tryptophan (Trp),
isoleucine (Ile), leucine (Leu), phenylalanine (Phe) and lysine
(Lys)) and their single congurations were obtained from
Energy Chemical (Shanghai, China). Distilled water was ltered
through a 0.22 mm membrane before use. The fused-silica
capillaries (375 mm O.D. � 100 mm I.D.) were supplied by
Yongnian Ruifeng Chromatography Ltd. (Hebei, China).

Instruments

For all HPLC experiments, an UltiMate 3000 (Dionex, Germering,
Germany) LC system was used and equipped with a ternary low-
pressure-mixing gradient pump (LPG-3400SD), a membrane
degasser unit (SRD-3600), CTC Combi Pal autosamplers and a six-
port injection valve with a 90 mL sample loop, a temperature-
controlled column oven with a ow manager (TCC-3000), and
a variable wavelength detector (VWD-3100). All micro-HPLC
experiments were carried out on a self-assembled nano-HPLC
system which is composed of a Shimadzu SPD-15C UV detector
(Kyoto, Japan) with a lab-made on-column detection cell, a four-
port Valco injection valve with a 20 nL internal loop (Houston,
USA) and a DiNa-S nano pump (Tokyo, Japan). Data acquisition
and data handling were performed using a Unimicro TrisepTM
Workstation 2003 (Shanghai, China) or ThermoFisher scientic
Chromeleon 7.0. All chromatograms were converted to a text le
and redrawn using Microcal Origin 8.5. A Jinghong DK-S22 water
bath (Shanghai, China) was used for thermally initiated copoly-
merization. The pH values were monitored using a Sartorius PB-
10 pH meter (Gottingen, Germany). The Greatwall R-1001VN
rotary evaporator (Zhengzhou, China) was equipped with an
EYELA A-1000S aspirator pump (Shanghai, China) and Yuhua
CCA-20 refrigerated circulating bath (Gongyi, China) to maintain
the temperature of the antifreeze.

Tea samples

Dry samples of pu-erh, keemun, oolong, longjing teas with
sealed storage in the dark at 4 �C for less than a year (according
to the production date) were used for the determination of
amino acids. All leaf tea samples were purchased from a local
tea market in Guangzhou.
This journal is © The Royal Society of Chemistry 2017
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Table 1 The optimized gradient elution program for first dimension
separation

Time (min) Mobile phase A (%) Mobile phase B (%)

0 32 68
16 43 57
26 43 57
36 52 48
45 52 48
55 100 0
56 32 68
60 32 68
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Preparation of sample and standard solutions

To nd out an optimum extraction method for tea samples, the
efficiency of ve different treatment methods was investigated.32,33

Method 1 was achieved by adding 100 mL boiling water to 5 g
oolong tea. The tea sample was allowed to brew for 1 h and then
ltered through lter papers. 100 mL boiling water was added to
the residue and it was brewed for 1 h again. All the ltrates were
combined and cooled at room temperature. Then the solution pH
was adjusted to 3.0 using hydrochloric acid and extracted using
ethyl acetate; the aqueous fraction pH was adjusted to 9.0 using
sodium bicarbonate. Finally, the sample extraction solution was
dried using a rotary evaporator. In method 2, the extraction solu-
tion without adjusting pH was directly dried using a rotary evap-
orator and dissolved in methanol. In method 3, the ltrate was
cooled at room temperature and extracted using ethyl acetate. In
method 4, the extraction solution was dried without any process-
ing aer boiling. Method 5 was performed by adding 0.5 g
magnesium oxide and 100 mL boiling water to 5 g oolong tea. The
ltrate was cooled at room temperature and dried using a rotary
evaporator. 15 mg of dried powder from the ve methods were
dissolved in 3 mL boric acid solution (0.2 M, pH 9.0) and then
reacted with isometric FMOC reagent solution (20 mM) at room
temperature.34–36 Then, the solution was extracted using the same
volume of n-pentane and the aqueous phase was used for HPLC
analysis aer ltering through a 0.22 mm nylon membrane lter.

As in the above case, the standards solutions and reagent blank
sample (without amino acids) were prepared by dissolving in boric
acid solution, derivatization and ltration, respectively. Then all
the solutions for 20 standards were equally mixed. The nal
concentration of the standard was 1.5 mM for all the amino acids.
Optimization of the off-line system with the 20 amino acid
standards

On one hand, 20 amino acid standards were separated in the rst
dimension according to a previously reportedmethod with proper
modication.37 To achieve the best separation of free amino acids,
the inuence of column length (Agela C18 (250 mm � 4.6 mm
I.D., 5 mm) and Phenomenex C18 (150 mm � 4.6 mm I.D, 5 mm))
and mobile phase composition (TFA, inorganic salt and pH) were
investigated. On the other hand, chiral separation of standard
samples was also studied according to a previously reported
method with proper modication.38 Because different amino
acids had different characteristics, chromatographic conditions
were properly adjusted, especially for the mobile phase ratio.
Fig. 1 Separation of standard FMOC-amino acids on two different
columns. Experimental conditions: mobile phase A: 0.05% TFA, mobile
phase B: ACN, gradient elution (see Table S1†); flow rate: 1 mL min�1;
column temperature: 40 �C; detection wavelength: 265 nm; injection
volume: 10 mL. Red, Agela C18 (250 mm � 4.6 mm I.D., 5 mm); black,
Phenomenex C18 (150 mm � 4.6 mm I.D, 5 mm). Samples: 1. histidine,
2. arginine, 3. asparagine, 4. glutamine, 5. serine, 6. aspartic acid, 7.
glutamic acid, 8. threonine, 9. glycine, 10. theanine, 11. GABA, 12.
alanine, 13. tyrosine, 14. proline, 15. valine, 16. tryptophan, 17. isoleu-
cine, and 18. leucine.
HPLC system for the determination of free amino acids in tea
samples

Free amino acids in tea were determined on a Venusil MP C18
analytical column (250 mm � 4.6 mm, I.D., 5 mm) (Agela,
Tianjin, China) maintained at 40 �C. The mobile phase was
composed of (A) ACN and (B) TFA in water (0.05%, v/v). The
elution was performed using a linear gradient as shown in Table
1. The UV detection wavelength was 265 nm. The sample
injection was 10 mL. The total run time was 60min. A ow rate of
1 mL min�1 was used for all steps.
This journal is © The Royal Society of Chemistry 2017
Off-line two dimensional HPLC separation of amino acid
enantiomers in tea samples

The rst dimension (1-D) HPLC separation was performed on
a Gemini C18 (250 mm� 10 mm, I.D., 5 mm, Phenomenex). The
mobile phase was composed of (A) ACN and (B) TFA in water
(0.05%, v/v) using an optimized gradient elution as shown in
Table 1 and the ow rate was 2 mL min�1 and the mobile phase
was ltered through a 0.22 mm nylon membrane lter and
degassed prior to use. The column temperature was maintained
at 40 �C. The UV detection wavelength was 265 nm. The sample
injection volume was 50 mL. From 12 to 56 min, 10 fractions
were collected. The fractions were concentrated to dryness with
a rotary evaporator, and all the fractions were re-dissolved in
40 mL isopropanol, individually.

The second dimension (2-D) HPLC separation was per-
formed on a CHIRALPAK® IC-3 (150 mm � 4.6 mm, I.D., 3 mm)
or the self-prepared poly(MQD-co-HEMA-co-EDMA) monolithic
capillary column (180 mm � 100 mm I.D.) at room temperature.
For the former, the mobile phase was isopropanol/n-hexane
(10/90, v/v) with 0.1% TFA with a ow rate of 0.8 mL min�1. The
Anal. Methods, 2017, 9, 6131–6138 | 6133
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UV detection wavelength was 254 nm. The sample injection
volume was 10 mL. For the poly(MQD-co-HEMA-co-EDMA)
monolithic capillary, the mobile phase was 0.1 M ammonium
acetate/ACN (50/50, v/v) (apparent pH ¼ 6.0) with a ow rate of
600 nL min�1. The sample injection volume was 20 nL. The
UV detection wavelength was 254 nm. Prior to the detection of
L- and D-amino acids in tea samples, a reagent blank solution
and amino acid standards were injected in order to test the
interference of the off-line system and to investigate the chro-
matographic behaviour of amino acid enantiomers. The relative
peak height percentage of D-amino acids (% D/(D + L)) in tea
samples was calculated (eqn (1)).

% D/(D + L) ¼ HD /(HD + HL) (1)

H: peak height.
Fig. 2 The effects of TFA and inorganic salt in the mobile phase.
Conditions: column: Phenomenex C18 (150 mm � 4.6 mm I.D., 5 mm,
100 Å); flow rate: 1 mL min�1; column temperature: 40 �C; detection
wavelength: 265 nm; injection volume: 10 mL. Gradient elution (see
Table S1†). (A) The effects of TFA. black, 0.08%; red, 0.05%; blue,
0.02%. (B) The effects of inorganic salt. black, 10 mM ammonium
acetate as mobile phase A; red, 10 mM ammonium acetate and 0.05%
TFA (pH 4.46) as mobile phase A; blue, 10 mM ammonium acetate and
0.05% TFA (pH 3.0) as mobile phase A. Samples: 1. histidine, 2. arginine,
3. asparagine, 4. glutamine, 5. serine, 6. aspartic acid, 7. glutamic acid,
8. threonine, 9. glycine, 10. theanine, 11. GABA, 12. alanine, 13. tyrosine,
14. proline, 15. valine, 16. tryptophan, 17. isoleucine, and 18. leucine.

6134 | Anal. Methods, 2017, 9, 6131–6138
Results and discussion
Optimization of chromatographic conditions

An optimization strategy for chromatographic conditions was
performed initially with FMOC-derivatized amino acid stan-
dards to select the best separation conditions. Firstly, the two
same packing columns with different lengths were compared
under the same chromatographic conditions (Fig. 1). This
indicated that the longer one had better resolution. According
to related reports,37,39,40 TFA was added to the aqueous mobile
phase for chromatographic retention, resolution and peak
shape. The mobile phase composition was also optimized by
investigating the effects of TFA (Fig. 2A) and inorganic salt
(Fig. 2B). From Fig. 2, it can be seen that amino acids had better
separation when the concentration of TFA was increased from
0.02% to 0.05%, but there was no signicant change when TFA
was increased from 0.05% to 0.08%. The retention of most
amino acids in only ammonium acetate solution was lower
Fig. 3 The effects of different inorganic salts and pH values. Condi-
tions: column: Phenomenex C18 (150mm� 4.6mm I.D., 5 mm, 100 Å);
mobile phase A: ACN/H2O (90/10, v/v); mobile phase B: inorganic
salt/THF/ACN (86/4/10, v/v/v), gradient elution (see Table S2†); flow
rate: 1 mL min�1; column temperature: 40 �C; detection wavelength:
265 nm; injection volume: 10 mL. (A) The effects of two kinds of
inorganic salts. (B) The effects of pH of sodium acetate. Mobile phase
A: 0.05% TFA, 10 mM sodium acetate; mobile phase B: ACN/H2O
(80/20, v/v), gradient elution (see Table S3†).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Chromatogram of the FMOC-derivatives of standard amino
acids. Conditions: column: Agela C18 (250 mm � 4.6 mm I.D., 5 mm,
100 Å); mobile phase A: 0.05% TFA, mobile phase B: ACN, gradient
elution (see Table 1); flow rate: 1 mL min�1; column temperature:
40 �C; detection wavelength: 265 nm; injection volume: 10 mL;
samples: 1. histidine, 2. arginine, 3. asparagine, 4. glutamine, 5. serine,
6. aspartic acid, 7. glutamic acid, 8. threonine, 9. glycine, 10. theanine,
11. GABA, 12. alanine, 13. tyrosine, 14. proline, 15. valine, 16. tryptophan,
17. isoleucine, 18. leucine, 19. phenylalanine, and 20. lysine.

Table 2 Mobile phase conditions, retention times and resolution of
different standard amino acid enantiomers on a CHIRALPAK® IC-3
column

Amino
acids

Mobile phase
(n-hexane :
isopropanol)

tR of L-form
(min)

tR of D-form
(min)

Rs of L-form
(min)

Ala 9 : 1 17.5 22.9 3.8
Ser 8 : 2 12.7 22.8 6.8
Val 9 : 1 13.1 16.8 2.0
Asp 8 : 2 10.6 15.0 5.0
Phe 9 : 1 20.7 25.7 3.2
Ile 9 : 1 13.5 19.0 3.0
Pro 8 : 2 16.0 22.5 3.4
Thr 9 : 1 25.2 40.4 1.9
Trp 9 : 1 32.8 37.9 1.4

Table 3 Five different sample treatment methods of oolong tea. (3,
processing; 7, not processing)

Method 1 Method 2 Method 3 Method 4 Method 5

Extraction
(ethyl acetate)a

7 7 3 7 7

Magnesium oxideb 7 7 7 7 3

pH adjustmentc 3 7 7 7 7

Redissolved
with methanold

7 3 7 7 7

a The extraction solution aer boiling was extracted using ethyl acetate.
b Magnesium oxide was added in the boiling process. c The extraction
solution pH was adjusted to 3.0 using hydrochloric acid and then it
extracted using ethyl acetate; the aqueous fraction pH was adjusted to
9.0 using sodium bicarbonate. d The extraction solution was dried
using a rotary evaporator and redissolution in methanol.
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compared to that of the mobile phase with ammonium acetate
and 0.05% TFA. Besides, lower pH could improve the separa-
tion. Furthermore, we exchanged the ammonium acetate to
sodium acetate (Fig. 3A). The result suggested that sodium acetate
was more suitable for separating FMOC-amino acids. On this
basis, we adjusted the pH again; however, all the earlier eluted
peaks had fronting peak shapes in different pH (Fig. 3B).
Compared to Fig. 2 and 3, it was revealed that the better retention,
selection and peak shape could not be obtained by adding inor-
ganic salt. Finally, the Agela C18 column (250 mm� 4.6 mm I.D.,
5 mm) was selected and the best rst dimensional chromatogram
was obtained (Fig. 4) under the optimized mobile phase contain-
ing ACN as phase A and 0.05% TFA as phase B by gradient elution
(Table 1). This gave lower column pressure (93 bar), better peak
shape and resolution, and yielded themost of the amino acids that
could be resolved and detected in the extracts.

Due to amino acids having different chromatographic char-
acteristics, it was difficult to chirally separate them under the
same chromatographic conditions in the 2-D separation.
Therefore, appropriate optimization was necessary including
the mobile phase composition and ow rate for different amino
acids. For Ala, Ser, Val, Asp, Phe, Ile, Pro, Thr and Trp, a better
enantioseparation could be obtained when the composition of
n-hexane/isopropanol (90/10, v/v) was used. But this was not
suitable for all the amino acids, Ser, Asp and Pro needed a lower
ratio of n-hexane of 80% to improve the enantioseparation. The
resolution values of Ile, Ala, Phe, Val, Ser, Asp, and Pro enan-
tiomers were between 2.0 and 6.8, which makes it possible to
separate the low content D-amino acids from their L-forms aer
FMOC-derivatization (Table 2).

Optimization of extraction procedures

Five different sample preparation methods for the oolong tea
sample were adopted and hot water was selected as the
This journal is © The Royal Society of Chemistry 2017
extraction solvent (Table 3). Then the ve samples were
analyzed by HPLC. It could be observed from Fig. 5 that the
impurity peaks were reduced and the baseline was smoother in
method 3 compared to that of method 4. Aer pH adjustment,
the peaks of amino acids nearly disappeared in method 1. It was
estimated that the original structures of amino acids were
destroyed by the alkali or acid. Due to some amino acids having
poor solubilities in methanol, the peak areas in method 2 were
smaller. For method 5, the peak areas are also not large enough,
even if having a smooth baseline. Therefore, method 3 was
selected as the best extraction procedure for larger peak area
and better resolution.
Separation of free amino acids in four kinds of teas

Amino acid peaks in four kinds of tea samples (Fig. 6) were
identied by comparing with retention times of the FMOC-
amino acid standards. Comparing the contents and composi-
tions of free amino acids in the four kinds of teas, the pu-erh
was lowest and longjing was highest in types and content of free
amino acids with keemun and oolong following behind. It was
noteworthy that there was a relationship between the degree of
fermentation and free amino acid contents. As a kind of natural
Anal. Methods, 2017, 9, 6131–6138 | 6135
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Fig. 5 The chromatograms of different extraction methods in the first
dimension. Conditions: column: Agela C18 (250 mm � 4.6 mm I.D.,
5 mm); mobile phase A: ACN, mobile phase B: 0.05% TFA, gradient
elution (see Table 1); flow rate: 1 mL min�1; detection wavelength: 265
nm; column temperature: 40 �C; injection volume: 10 mL. From top to
bottom are the chromatograms from methods 1–5.

Fig. 6 Chromatograms of amino acids in different tea samples.
Conditions: column: Agela C18 (250 mm � 4.6 mm I.D., 5 mm); mobile
phase A: ACN, mobile phase B: 0.05% TFA, gradient elution (see
Table 1); flow rate: 1 mLmin�1; detectionwavelength: 265 nm; column
temperature: 40 �C; injection volume: 10 mL. black, longjing; red,
oolong; Blue, keemun; pink, pu-erh. Samples: 1. arginine, 2. aspara-
gine, 3. glutamine, 4. serine, 5. aspartic acid, 6. glutamic acid, 7.
threonine, 8. theanine, 9. glycine, 10. FMOC-OH, 11. alanine, 12.
tyrosine, 13. proline, 14. valine, 15. tryptophan, 16. isoleucine, and 17.
phenylalanine.

Fig. 7 Offline 2D-HPLC separation of various amino acid enantiomers
in the oolong and longjing. 1-D conditions: column: Gemini C18 (250
mm � 10 mm I.D., 5 mm, Phenomenex); mobile phase A: ACN, mobile
phase B: 0.05% TFA, gradient elution (see Table 1); flow rate: 2 mL
min�1; detection wavelength: 265 nm; column temperature: 40 �C;
injection volume: 50 mL. 2-D conditions: column: CHIRALPAK® IC-3
(150 mm � 4.6 mm I.D., 3 mm); mobile phase: isopropanol/n-hexane
(90/10, v/v) with 0.1% TFA; flow rate: 0.8 mL min�1; detection wave-
length: 254 nm; column temperature: room temperature; injection
volume: 10 mL. Capillary chromatographic conditions: column
dimension: 180 mm � 100 mm I.D.; mobile phase: 0.1 M ammonium
acetate/ACN (50/50, v/v); flow rate: 600 nL min�1; UV detection
wavelength: 254 nm; injection volume: 20 nL. Red or blue, amino acid
standards; black, amino acids in tea. (A); 1-D, separation of amino acids
in oolong (left) and longjing (right) using a semi-preparative HPLC
column. (B); 2-D, chiral separation using CHIRALPAK® IC-3 (a–e) and
poly(MQD-co-HEMA-co-EDMA) monolithic capillary columns (f).
oolong, (a–c) and (f); longjing, (d and e).
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tea, the amino acids in longjing had not been decomposed or
transformed in the production process and were higher than
others. However, the oolong, keemun and pu-erh had experi-
enced the fermentation process in different degrees. A further
fermentation process would result in the reduction of the total
amount of amino acids.
Determination of D-amino acids in teas

To detect the low content of D-amino acids, the fractions aer
1-D separation were concentrated to dryness with a rotary
evaporator to improve the concentration of D-amino acids. In
order to investigate the differences of D-amino acids between
6136 | Anal. Methods, 2017, 9, 6131–6138
natural tea and fermented tea, the amino acids in longjing and
oolong were collected respectively and successfully enantiose-
parated under different chromatographic conditions on
a CHIRALPAK® IC-3 column (Fig. 7). From the chromatograms,
owing to the high enantioselectivity of the chiral stationary
phase, the retention times of D-amino acids were easily assigned
by comparison with standards and the relative peak height
percentage of D-amino acids (% D/(D + L)) is shown in Table 4.
Until now, the existence of D-amino acids in teas has never been
reported except D-theanine;3 therefore, to conrm the D-amino
acid percentage, sufficient enantiomeric separations of the
same FMOC-amino acids in tea samples were obtained under
two or three different mobile phase conditions (Fig. 8). The %
D/(D + L) values of Val, Ser, Ala, Ile, Phe, Asp and Pro determined
using different mobile phases were almost the same. This
indicated the reliability of the present method and that some D-
amino acids really exist in teas, such as D-Val, D-Ser, D-Ala, D-Ile,
This journal is © The Royal Society of Chemistry 2017
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Table 4 Amino acids and their % D(D + L) values in longjing and oolong

Amino acids % D/(D + L) (oolong) % D/(D + L) (longjing)

Ser 0.2 0.2
Ala 0.1 0.8
Val 0.2 0.3
Ile 1.6 1.0
Phe 0.1 0.4
Asp 0.2 —
Pro 0.1 —
Trp — —
Thr — —
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and D-Phe in both kinds of teas and D-Asp and D-Pro in oolong. It
was of interest to note that the D-amino acids in oolong were
more diverse than those of longjing which had a higher total
amino acid content. The results suggested that the congura-
tion of some L-amino acids transforms into the D-form in the tea
fermentation process. Meanwhile, the poly(MQD-co-HEMA-co-
EDMA) monolithic capillary column was also proposed for the
conrmation of D-amino acids in teas. The enantioseparation
conditions, such as the organic modier content, the buffer
Fig. 8 The same FMOC-amino acids enantioseparated under two or
three mobile phase conditions. Experimental conditions: column:
CHIRALPAK® IC-3 (150 mm � 4.6 mm I.D., 3 mm); mobile phase A: n-
hexane, mobile phase B: isopropanol; detection wavelength: 254 nm;
flow rate: 0.8 mL min�1; column temperature: room temperature;
injection volume: 10 mL. (a) Val in longjing at n-hexane/isopropanol
(88/12, v/v); (b) Val in longjing at n-hexane/isopropanol (90/10, v/v); (c)
Val in longjing at n-hexane/isopropanol (92/8, v/v); (d) Phe in oolong at
n-hexane/isopropanol (88/12, v/v); (e) Phe in oolong at n-hexane/
isopropanol (90/10, v/v); (f) Phe in oolong at n-hexane/isopropanol
(92/8, v/v); (g) Ile in oolong at n-hexane/isopropanol (90/10, v/v); (h) Ile
in oolong at n-hexane/isopropanol (92/8, v/v).

This journal is © The Royal Society of Chemistry 2017
concentration, the ow rate and the apparent pH of the mobile
phase, were also optimized (data not shown). Because the
L-amino acids were much higher than their D-forms in tea
samples and FMOC- L-amino acids eluted earlier on the
poly(MQD-co-HEMA-co-EDMA) monolithic capillary column,
better enantiomeric resolution was emphasized. Therefore, Ala
and Ser were selected for conrmation due to the high enantio-
meric resolution value of their FMOC-derivatives. The % D/(D + L)
values of Ala and Ser determined on the poly(MQD-co-HEMA-co-
EDMA) monolith were also consistent with those obtained on the
CHIRALPAK® IC-3 column. Fig. 8f shows that the D-Ala in the
oolong tea sample was successfully separated and detected on the
poly(MQD-co-HEMA-co-EDMA) monolithic capillary column.

Conclusions

In this study, by using the offline two-dimensional HPLC system
combining reversed phase and enantioselective columns, the
chiral amino acid analysis in longjing, black, oolong, and pu-
erh teas was performed and D-Ile, D-Ala, D-Phe, D-Val, D-Ser were
observed in the longjing tea sample (% D/(D + L) value ranged
from 0.2–1.0) and D-Ile, D-Val, D-Ser, D-Asp, D-Phe, D-Ala and D-Pro
(% D/(D + L) value ranged from 0.1–1.6) were observed in the
oolong tea sample. These values were further conrmed under
different column or mobile phase conditions. There are various
D-amino acids which have not been reported to exist in natural
and fermented teas except theanine. Meanwhile, we also found
there was a difference between natural tea and fermented tea in
the amounts of D-amino acids as well as the total amino acids.
The results could provide useful information for the manipu-
lation of fermentation according to the changes of D-amino
acids in different teas and the research of bio-functional
ingredients in foods and beverages.
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