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a b s t r a c t

An analytical methodology based on an O-[2-(methacryloyloxy)-ethylcarbamoyl]-10,11-
dihydroquinidine (MQD)-silica hybrid monolithic column was developed for the enantioseparation of
9-fluorenylmethoxycarbonyl (FMOC) derivatized amino acids by nano-liquid chromatography. The mo-
bile phase was optimized including the apparent pH, content of ACN, and concentration of the buffer to
obtain a satisfactory enantioresolution performance. 27 FMOC derivatized amino acids including 19
protein and 8 non-protein amino acids were tested, and 19 out of them were enantiomerically
discriminated obtaining baseline separation for 11 of them. Analytical characteristics of the method were
evaluated for norvaline and tryptophan in terms of linearity, precision, accuracy, limits of detection (LOD)
and quantitation (LOQ) showing good performance to be applied to the enantiomeric determination of
these amino acids in dietary supplements. LOD and LOQ values were 9.3 and 31 mM for norvaline en-
antiomers and 7.5 and 25 mM for tryptophan enantiomers, respectively. The contents of D-norvaline and
D-tryptophan were below their respective LODs in all the analyzed samples. Quantitation of L-tryptophan
and L-norvaline showed good agreement with the labeled contents except for one sample which did not
show presence of L-norvaline, contrary to the label indication.
© 2019 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Amino acids are essential and ubiquitous compounds playing a
vital role in many living organisms. Differences in the properties of
D- and L-enantiomers have been widely reported, both for protein
and non-protein amino acids [1]. For instance, the L-enantiomer of
the non-protein amino acid norvaline enhances the nitric oxide
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production, which is an important regulator and mediator in
physiological and pathophysiological events such as vasodilatation
[2]. Moreover, it can be used to treat artificial metabolic syndrome
in a rat model [3], and it has been proven to be effective in Alz-
heimer’s disease (AD) [4,5]. However, to the best of our knowledge,
D-norvaline has not been reported as an effective substance. On the
other hand, L-tryptophan is a protein amino acid which is the
precursor of important neurotransmitters, hormones and other
relevant biomolecules [6]. The level of L-tryptophan in humans has
been reported to act as a biomarker of certain diseases [7,8]. At the
pharmacological level, L-tryptophan is used as antidepressant agent
[9], whereas D-tryptophan is considered as an impurity because of
its low biological activity [10,11]. In addition, only the L-enantiomer
of tryptophan is involved in the synthesis of proteins and, addi-
tionally, it can cross the blood-brain, being the precursor of the
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important neurotransmitter serotonin [12]. Amino acids can be
used as ingredients in dietary supplements where the presence of
the D-enantiomer is not allowed by legal regulations [13]. There-
fore, the enantiomeric determination of DL-amino acids in real
samples remains a very important challenge.

In order to obtain satisfactory chiral separation of amino acids,
various chiral stationary phases (CSPs) have been developed,
including those based on cyclodextrins [14], polysaccharides [15],
3,5-dinitrobenzamide-naphthylglycine derivatives [16], macrocyclic
antibiotics [17] and cinchona alkaloids [18e21]. Cinchona alkaloids,
especially quinine and quinidine have attracted much attention
owing to their excellent enantioselectivity for amino acids. Usually,
because of the low detection sensitivity and weak interaction be-
tween the chiral selectorandanalytes, differentderivatizationgroups
were used to react with the amino acids, such as 4-fluoro-7-nitro-
2,1,3-benzoxadiazole (NBD-F) [22e24], 9-fluorenylmethoxycarbonyl
(FMOC) fluoride [25,26], 2,4-dinitrofluorobenzene (DNFB) [27],
dansyl chloride (DNS-Cl) [28], and carbazole-9-carbonyl chloride
(CCeCl) [18]. Among the different derivatization reagents, FMOC not
onlyallows the aminoacids to achieve satisfactoryenantioresolution,
but also has the advantage of reacting with primary and secondary
amines in just 3min.

Over the past several decades, monolithic columns have
exhibited high separation efficiency and sensitivity, low sample and
elution solvent consumption, as well as the ease of coupling to MS
[29e32]. So far, the use of quinine or quinidine functionalized
monolithic columns has been reported in the enantioseparation of
amino acids in capillary electrochromatography (CEC) and nano-
liquid chromatography (nano-LC). For instance, L€ammerhofer
et al. [18,33] separated some N-derivatized amino acid standards
with high efficiency and enantioresolution on the quinine and
quinidine silica-based monolithic column by CEC. On the other
hand, Wang et al. [25,29] developed several quinidine polymer-
based monolithic columns which were also successful in enantio-
separating N-derivatized amino acid standards by nano-LC. How-
ever, the silica or polymer based monolithic columnwas limited by
the cumbersome and multi-step preparation method, or low me-
chanical strength and poor stability. On the other hand, they
focused on the development of the novel monolithic columns, but
their application in the real sample was not reported.

Silica-hybrid monolithic columns offer great advantages such as
high surface, little shrinkage, excellent pH stability and good
permeability [34e36]. However, they have scarcely been employed
for the enantioseparation of amino acids. Thus, Tran et al. [19] only
separated dinitrobenzoyl-leucine on the quinidine-silica/zirconia
hybrid monolithic column by CEC and Kato et al. [37] tried to
enantioseparate DL-tryptophan on a new-type bovine serum al-
bumin (BSA)-encapsulated hybrid monolithic column. Unfortu-
nately, the enantioresolution was very limited. In a previous work,
our research group prepared an O-[2-(methacryloyloxy)-ethyl-
carbamoyl]-10,11-dihydroquinidine (MQD)-silica hybrid mono-
lithic column and the enantiomeric separation of protein and non-
protein amino acids was investigated using up to 8 different
derivatization reagents including 3,5-dinitrobenzoyl chloride, 3,5-
dichlorobenzoyl chloride, p-nitrobenzoyl chloride, 3,5-
dimethoxybenzoyl chloride, m-chlorobenzoyl chloride, p-chlor-
obenzoyl chloride, benzoyl chloride, and FMOC chloride [38].
Nevertheless, from the 8 FMOC-amino acids tested, only 2 of them
were baseline separated in the reversed phase mode (valine (Rs
1.55) and isoleucine (Rs 1.71)) and none of them was baseline
separated in the polar organic phase mode [38]. Moreover, the
applicability of quinidine silica-hybrid monolithic column to the
quantitative analysis of amino acids in real samples has not been
demonstrated yet. In this work, the enantiomeric separation of
protein and non-protein FMOC derivatized amino acids was ach-
ieved by nano-LC using the above-mentioned MQD-silica hybrid
monolithic column. In order to obtain satisfactory enantior-
esolution performance in the reversed phased mode, the mobile
phase was systematically optimized, including the apparent pH,
content of ACN, and buffer concentration. Under the optimized
conditions, 27 FMOC-derivatized amino acids consisting of 19
protein and 8 non-protein amino acids were tested. Finally, the
analytical characteristics of the developed method were evaluated
for norvaline and tryptophan and the method was applied to the
quantitation of L-norvaline and L-tryptophan in dietary
supplements.

2. Materials and methods

2.1. Reagents and samples

All reagents were of analytical grade. Methanol (MeOH),
acetonitrile (ACN), and acetic acid (HAc) were acquired from
Scharlau Chemie (Barcelona, Spain). Triethylamine (TEA) and 9-
fluorenylmethoxycarbonyl (FMOC) chloride were obtained from
Fluka (Buchs, Switzerland). Ammonium hydroxide (NH3$H2O),
boric acid (H3BO3) and pentane were from Sigma (St. Louis,
Missouri, USA), and ammonium acetate was from Merck (Darm-
stadt, Germany). 10,11-dihydroquinidine, 2,2’-azobisisobutyroni-
trile (AIBN), 3-(trimethoxysilyl)-propylmethacrylate (g-MAPS),
vinyltrimethoxysilane (VTMS), cetyltrimethylammonium bro-
mide (CTAB), tetramethoxysilane (TMOS) and ethylene glycol
(EG) were acquired from Aladdin Chemicals (Shanghai, China). DL-
arginine, DL-histidine, DL-lysine, DL-serine, DL-threonine, DL-aspar-
agine, DL-glutamine, DL-cysteine, DL-proline, DL-alanine, DL-valine,
DL-leucine, DL-methionine, DL-phenylalanine, DL-tyrosine, D-tryp-
tophan, L-tryptophan, DL-ornithine, DL-citrulline standards were
from Fluka (Buchs, Switzerland), while DL-isoleucine, DL-carnitine,
DL-aspartic acid, DL-glutamic acid, DL-norvaline, L-norvaline, DL-
norleucine, DL-DOPA, DL-pyroglutamic acid and DL-methionine
sulfone were obtained from Sigma (St. Louis, Missouri, USA).
FMOC-amino acids were synthesized as reported previously
[29,30]. The dietary supplements were obtained in capsule form
from online sources.

2.2. Instrumentation

All nano-LC experiments were conducted on a laboratory self-
assembled nano-LC instrument. The system consisted of a Shi-
madzu LC-20AD pump (Kyoto, Japan), a Linear Instruments UVeVis
200 detector (California, USA), and a Valco four-port injection valve
with 20 nL internal loop (Houston, USA). In order to reduce the flow
and pressure, a stainless-steel tee (Cheminert, Valco Instruments
Houston, Texas, USA) with flow split capillary (150mm� 25 mm
I.D.) was employed before the injection valve. The data acquisition
and data handling were performed using the software Chroma-
tostation N200 (Zhejiang University, China). All chromatograms
were converted to a text file and redrawn using Microcal Origin 8.5.
pH values of buffer solutions were measured in a 744 pH meter
(Herisau, Switzerland).

2.3. Chromatographic conditions

Mobile phase was prepared by mixing the 3mM ammonium
acetate solution with ACN (35/65, v/v), and adjusting the apparent
pH to the desired value (pH 4.8) with acetic acid. In the beginning,
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the mobile phase was subjected to filtration through a 0.22 mm
membrane and sonication degas prior to be employed. The total
flow rate was 10 mL/min, total backpressure was 23 bar, injection
volume was 20 nL, and the UV detection wavelength was 254 nm.

2.4. Preparation of the MQD-silica hybrid monolithic column

Synthesis of the MQD-silica hybrid monolithic column was
conducted as previously reported [38]. Briefly, anchoring sites for
the bulk polymer on the inner capillary walls were generated using
g-MAPS/MeOH (50/50, v/v). The pre-polymerizable mix for the
MQD column was prepared as follows: MQD (6.0mg), MeOH
(100 mL), EG (30 mL), CTAB (1.6mg), H2O (30 mL), NH3$H2O (0.02M,
30 mL), TMOS (60 mL), VTMS (80 mL), and AIBN (1mg) were mixed in
Table 1
Effect of the mobile phase composition and pH on the enantioseparation data for FMOC

Mobile phase Sample k1 k

Apparent pHa

pH¼4.3 FMOC-methionine 0.83 1
FMOC-valine 0.52 0
FMOC-methionine sulfone 0.88 1
FMOC-norvaline 0.53 0

pH¼4.8 FMOC-methionine 1.65 2
FMOC-valine 1.11 1
FMOC-methionine sulfone 1.54 1
FMOC-norvaline 1.13 1

pH¼5.3 FMOC-methionine 3.42 4
FMOC-valine 2.57 3
FMOC-methionine sulfone 1.91 2
FMOC-norvaline 2.56 3

Buffer concentrationb

1.0mM FMOC-methionine 7.85 9
FMOC-valine 5.25 7
FMOC-methionine sulfone 8.01 1
FMOC-norvaline 5.77 7

3.0mM FMOC-methionine 4.26 5
FMOC-valine 2.82 3
FMOC-methionine sulfone 4.06 4
FMOC-norvaline 2.85 3

5.0mM FMOC-methionine 2.59 3
FMOC-valine 1.75 2
FMOC-methionine sulfone 2.58 3
FMOC-norvaline 1.89 2

10mM FMOC-methionine 1.65 2
FMOC-valine 1.11 1
FMOC-methionine sulfone 1.54 1
FMOC-norvaline 1.13 1

ACN contentc

60% FMOC-methionine 8.78 1
FMOC-valine 6.07 8
FMOC-methionine sulfone 6.46 7
FMOC-norvaline 6.24 7

65% FMOC-methionine 6.11 7
FMOC-valine 4.13 5
FMOC-methionine sulfone 4.95 6
FMOC-norvaline 4.26 5

70% FMOC-methionine 4.26 5
FMOC-valine 2.82 3
FMOC-methionine sulfone 4.06 4
FMOC-norvaline 2.85 3

75% FMOC-methionine 2.98 3
FMOC-valine 1.99 2
FMOC-methionine sulfone 3.27 4
FMOC-norvaline 1.99 2

80% FMOC-methionine 1.89 2
FMOC-valine 1.21 1
FMOC-methionine sulfone 2.48 3
FMOC-norvaline 1.21 1

Experimental conditions as in Fig. 1.
a 10mM ammonium acetate/ACN (30/70, v/v) (at the desired apparent pH values).
b Ammonium acetate/ACN (at the desired concentration of the buffer) (30/70, v/v) (ap
c 3mM ammonium acetate/ACN (at the desired ratio of ACN and buffer, v/v) (apparen
a 2mL vial and sonicated during 5min at room temperature. The
obtained homogeneous solution was introduced into the 30 cm
pre-treated capillary. Both ends of the capillary columnwere sealed
using GC septa and capillary was placed in a water bath at 40 �C
during 12 h first, then at 60 �C for another 12 h. Non-reacted CTAB
and other waste products were rinsed out by flushing the column
with MeOH. The monolithic column was cut to 15 cm for further
use.

2.5. Preparation of the standard and dietary supplements solutions

FMOC-amino acids standard solutions were prepared by dis-
solving the corresponding amino acid standards into 1mL of
200mMH3BO3 (pH 9.0) to obtain a 10mM solution, and were
derivatized amino acids.

2 a Rs N1 (m) N2 (m)

.00 1.21 0.73 14700 13600

.69 1.33 0.93 17200 17000

.08 1.22 0.76 14000 12000

.64 1.20 0.54 14900 12800

.00 1.21 1.20 14200 13000

.47 1.33 1.45 14500 14300

.90 1.23 1.10 11900 11500

.37 1.21 0.97 14700 14200

.06 1.19 0.84 13200 8900

.35 1.30 1.55 12000 9700

.33 1.22 0.81 13400 8500

.14 1.23 0.88 11000 8200

.52 1.21 1.58 7500 6000

.12 1.36 1.87 5600 4600
0.16 1.27 1.46 5800 4800
.09 1.23 1.46 5900 4600
.15 1.21 1.52 13200 12700
.78 1.34 1.74 12500 11800
.99 1.23 1.46 10100 9600
.48 1.22 1.44 12500 11200
.16 1.22 1.44 13600 13100
.32 1.33 1.56 13500 12800
.20 1.24 1.44 12000 11000
.28 1.21 1.37 15800 15000
.00 1.21 1.20 14200 13000
.47 1.33 1.45 14500 14300
.90 1.23 1.10 11900 11500
.37 1.21 0.97 14900 14200

0.75 1.23 1.61 12500 11000
.05 1.33 1.95 12100 11800
.91 1.23 1.54 12300 11000
.58 1.21 1.52 11700 10200
.40 1.21 1.58 13000 11800
.54 1.34 1.92 12400 11500
.07 1.23 1.52 8400 7100
.25 1.23 1.52 14400 11500
.15 1.21 1.52 13200 12700
.78 1.34 1.74 12500 11800
.99 1.23 1.46 10100 9600
.48 1.22 1.44 12500 11200
.60 1.21 1.45 13600 13300
.63 1.32 1.59 12700 11700
.01 1.23 1.39 11700 10100
.41 1.22 1.41 12500 11100
.27 1.20 1.24 15800 15100
.60 1.32 1.51 15400 14200
.01 1.21 1.29 13200 12800
.46 1.21 1.01 16100 15800

parent pH¼4.8).
t pH¼4.8).
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sonicated for 2min. Then, 1mL of a 220mM FMOC-Cl solution in
acetonitrile was added and it was made to react at room temper-
ature for 3min. Afterwards, 2mL of pentane was added into the
solution and it was vortexed. After 5min of resting, the lower layer
solution was diluted at the desired concentration using the mobile
phase.

FMOC-dietary supplement solutions were prepared by dissolv-
ing the powder within the capsules (200mg norvaline or 2mg
tryptophan) into 1mL of 200mMH3BO3 (pH 9.0) and were soni-
cated for 2min, then theywere filtered and 1mL of 220mM FMOC-
Cl in acetonitrile was then added into the filtrate. Reaction took
place for 3min at room temperature. Afterwards, 2mL of pentane
was added into the solution and it was vortexed. Finally, after 5min
of resting, the lower layer solution was diluted at the desired
concentration using the mobile phase.
3. Results and discussion

3.1. Enantioseparation of FMOC-amino acids by nano-LC using a
MQD-silica hybrid monolithic column

The MQD-silica hybrid monolithic column was prepared as
detailed in Section 2.4. In a previous work from our research group,
the enantiomeric separation of protein and non-protein amino
acids was investigated using up to 8 different derivatization re-
agents [38]. However, when using FMOC as derivatizing reagent,
from the eight amino acids tested, only two of them were baseline
separated in the reversed phase mode (10mM ammonium acetate/
ACN (30/70, v/v)(apparent pH 5.3))(valine (Rs 1.55) and isoleucine
(Rs 1.71)) and none of them was baseline separated in the polar
organic phasemode (0.055% HAc, 0.005% TEA in ACN/MeOH (60/40,
v/v)) [38]. As shown in Fig. S1, when comparing the polar organic-
phase and reversed-phase modes for some FMOC-amino acids, the
latter enabled obtaining better peak shapes [38]. Thus, the reversed
phase mode was selected in order to obtain a good
Fig. 1. Enantioseparation of some FMOC-derivatized amino acids. Experimental conditions: c
(65/35, v/v) (apparent pH¼4.8); UV detection wavelength: 254 nm; flow rate: 10 mL/min; b
enantioresolution for the FMOC derivatized amino acids. With this
aim, in this work, the mobile phase was optimized using four FMOC
derivatized amino acids, i.e. two protein amino acids (methionine
and valine) and two non-protein amino acids (methionine sulfone
and norvaline).

First, the effect of apparent pH on the retention factors (k1 and
k2), enantioselectivity (a), enantioresolution (Rs) and efficiency (N1

and N2). As shown in Table 1, the apparent pH values were evalu-
ated from 4.3 to 5.3 in themobile phase 10mM ammonium acetate/
ACN (30/70, v/v), while other conditions were kept constant. On the
one hand, when increasing the apparent pH value from 4.3 to 5.3,
the enantioselectivity kept constant but the retention factors
increased for the four analytes. This can be explained that the chiral
selector is positively charged when the pH of the mobile phase is
between 4.3 and 5.3, while the four FMOC-derivatized amino acids
are negatively charged, thus leading to a stronger electrostatic
interaction between the analytes and the CSP. On the other hand,
the enantioresolution significantly increased when the apparent
pH value changed from 4.3 to 4.8, while the efficiency gradually
decreased. Further increasing in the apparent pH value to 5.3 led to
similar values of enantioresolution, while the efficiency decreased
significantly. Considering the retention factors, enantioresolution
and efficiency, an apparent pH of 4.8 was selected for the following
experiments.

Second, the influence of the buffer concentration was investi-
gated while keeping constant the mobile phase apparent pH at 4.8
and composition as ammonium acetate/ACN (30/70, v/v). As shown
in Table 1, the retention factors, analysis time and enantioresolution
values decreased when increasing the concentration of the
ammonium acetate buffer from 1 to 10mM, meanwhile the effi-
ciency increased. Comparing the efficiency, analysis time, and
enantioresolution obtained in 1 and 3mM of ammonium acetate
buffer, the efficiency was significantly higher when the buffer
concentration increased, but the analysis time increased from
35min to 60min (such as in the case of methionine andmethionine
olumn dimensions: 15 cm� 100 mm I.D.; mobile phase: ACN/3mM ammonium acetate
ackpressure: 23 bar; injection volume: 20 nL.
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sulfone), whereas the enantioresolution did not significantly
change. Hence, a buffer concentration of 3mM was selected as a
compromise between the analysis time and efficiency.

Third, the ACN content was investigated by varying its per-
centage from 60 to 80%. As can be seen in Table 1, the retention
factor and enantioresolution decreased when increasing the ACN
content from 60 to 80%, while apparent pH¼4.8 and 3mM
ammonium acetate were kept constant. The hydrophobic interac-
tion between the FMOC derivatized amino acids and MQD-silica
hybrid monolithic column is weakened when the organic solvent
content in the mobile phase is increased because the elution ability
of the mobile phase increases. Considering the analysis time,
enantioresolution and efficiency, 65% ACN was selected as the op-
timum condition in the mobile phase.

Finally, using a 3mM ammonium acetate/ACN (35/65, v/v)
(apparent pH¼4.8) mobile phase, 27 FMOC-labeled amino acids (19
protein and 8 non-protein) were assayed. Chiral discrimination for
19 amino acids was observed and a total of 11 FMOC-derivatized
amino acids (9 protein and 3 non-protein) were baseline or
almost baseline enantioseparated (Rs 1.46 was obtained for tryp-
tophan) (see Table S1). Fig. 1 displays the chiral separation of some
representative amino acids.
Table 2
Analytical characteristics of the developed method for the enantiomeric determi-
nation of norvaline in dietary supplements.

Method and parameter L-norvaline
First
enantiomer

D-norvaline
Second
enantiomer

External standard calibration methoda

Range 0.031e12.5 0.031e1.25
Slope± t$Sslope 479786± 5243 478792± 7646
Intercept± t$Sintercept 20902± 24051 �363± 4295
R2 0.9993 0.9991
Standard addition calibration methodb

Study of matrix interferences (P-value of
ANOVA)

0.625 0.779

Accuracyc

Mean recovery (%) 109± 3 105± 6
Precision
Instrumental repeatabilityd

t,RSD (%) 0.45 0.38
A,RSD (%) 0.91 1.10
Method repeatabilitye

t,RSD (%) 1.01 1.14
A,RSD (%) 4.86 5.74
Intermediate precisionf

t,RSD (%) 2.14 2.03
A,RSD (%) 5.68 5.45
LODg 9.3 mM
LOQh 31 mM

Experimental conditions as in Fig. 1.
a Six standard solutions at different concentration levels injected in triplicate

(Concentration of L-norvaline: 12.5, 5.0, 2.5, 1.25, 0.5 and 0.25 mM; concentration of
D-norvaline: 1.25, 0.5, 0.25, 0.125, 0.05, and 0.025 mM).

b Addition of six known amounts of D- and L-norvaline (Concentration of added L-
norvaline: 0.167, 0.250, 0.333, 0.417, 0.500, and 0.583 mM; concentration of added
D-norvaline: 0.033, 0.050, 0.067, 0.083, 0.100, and 0.117 mM) to a dietary supple-
ment sample 1 containing a constant concentration of L-norvaline.

c Accuracy was evaluated as the recovery obtained from three dietary supple-
ments spiked with standard D,L-norvaline at three different percentages (80, 100,
and 120 %) of the labeled content (n ¼ 3).

d Consecutive injections of a D,L-norvaline standard solution (0.125 mM) (n ¼ 6).
e 200 mg dietary supplement sample 1 containing 1 mg of L-norvaline (as labeled

amount) spiked with 2 mg of L and 2 mg of D-norvaline (n ¼ 6).
f 200 mg dietary supplement sample 1 containing 1 mg of L-norvaline (as

labeled amount) spiked with 2 mg of L-norvaline and 2 mg of D-norvaline in three
days (n ¼ 9).

g LOD obtained for a S/N equal to 3.
h LOQ obtained for a S/N equal to 10.
3.2. Application of the developed method to the enantiomeric
determination of tryptophan and norvaline in dietary supplements

Based on the interest of tryptophan and norvaline as ingredients
in dietary supplements, the developed method was applied to the
enantiomeric determination of these two amino acids in different
dietary supplements. With this aim, the analytical characteristics of
the method were evaluated in terms of selectivity, linearity, preci-
sion, accuracy and limits of detection (LOD) and quantitation (LOQ)
both for norvaline (Table 2) and for tryptophan (Table 3). The
selectivity was suitable for tryptophan and norvaline enantiomers
because they were separated and there were no interfering peaks
which originated from the sample matrices. The linearity results
were obtained from six standard solutions at different concentration
levels, injected in triplicate. As shown in Tables 2 and 3, the linearity
for the two analytes was demonstrated to be adequate in all cases as
R2 values were�99.0%, and confidence intervals for the slope did not
include the zero value, meanwhile confidence interval for the
intercept included the zero value for a 95% confidence level. In order
to assess whether there were matrix interferences, slopes of the
calibration curves obtained from the external standard and standard
additions calibration methods were compared using analysis of
variance (ANOVA) test. Both for tryptophan and norvaline, the p-
values of ANOVA were above 0.05 which means that there were no
matrix interferences for a 95% confidence level. Therefore, the
external standard calibrations method was considered appropriate
Table 3
Analytical characteristics of the developed method for the enantiomeric determi-
nation of tryptophan in dietary supplements.

Method and parameter L-tryptophan
First
enantiomer

D-tryptophan
Second
enantiomer

External standard calibration methoda

Range 0.025e12.5 0.025e1.25
Slope± t$Sslope 599205± 1696 598197± 16093
Intercept± t$Sintercept 7267± 7782 3259± 9041
R2 0.9995 0.9996
Standard addition calibration methodb

Study of matrix interferences (P-value of
ANOVA)

0.821 0.887

Accuracyc

Mean recovery (%) 98± 2 101± 3
Precision
Instrumental repeatabilityd

t,RSD (%) 0.48 0.56
A,RSD (%) 0.50 1.11
Method repeatabilitye

t,RSD (%) 1.10 1.30
A,RSD (%) 4.71 4.00
Intermediate precisionf

t,RSD (%) 4.15 4.44
A,RSD (%) 6.15 6.69
LODg 7.5 mM
LOQh 25 mM

Experimental conditions as in Fig. 1.
a Six standard solutions at different concentration levels injected in triplicate

(Concentration of L- and D-tryptophan same as norvaline in Table 2).
b Addition of six known amounts of D- and L-tryptophan (Concentration of added

L-tryptophan: 0.139, 0.167, 0.208, 0.278, 0.417, and 0.833mM; concentration of
added D-tryptophan: 0.028, 0.033, 0.042, 0.056, 0.083, and 0.167mM) to a dietary
supplement sample 1 containing a constant concentration of L-tryptophan.

c Accuracy was evaluated as in Table 2.
d Consecutive injections of a D,L-tryptophan standard solution (0.333mM)

(n¼ 6).
e 2mg dietary supplement sample 1 containing 2mg of L-tryptophan (as labeled

amount) spiked with 2mg of D-tryptophan (n¼ 6).
f 2 mg dietary supplement sample 1 containing 2mg of L-tryptophan (as labeled

amount) spiked with 2mg of D-tryptophan in three days (n¼ 9).
g LOD obtained for a S/N equal to 3.
h LOQ obtained for a S/N equal to 10.
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to perform the quantitation of the analytes in the dietary supple-
ments. Accuracy was evaluated as the recovery obtained from both
spiked solutions of norvaline and tryptophan at different labeled
content percentages (80, 100 and 120%) injected in triplicate. As
shown in Tables 2 and 3, recovery values for the two analytes were
satisfactory as all of them were near the 100%. Precision was evalu-
ated as the instrumental repeatability, method repeatability and
intermediate precision. As Tables 2 and 3 show, regarding the
instrumental repeatability, the RSD values (%) for areas and retention
times were lower than 1 and 2%, respectively. For the method
repeatability, the RSD values (%) for areas and retention times were
also adequate, with values lower than 2 and 6%, respectively.
Fig. 2. Chromatograms corresponding to (A) the LOD (9.3 mM) and (B) the LOQ (31 mM)
of D-norvaline; (C) FMOC-derivatized racemic norvaline standard solution (0.5M) and
analyzed dietary supplements whose label indicated presence of L-norvaline (samples
1 and 2). Experimental conditions: 15 cm� 100 mm I.D.; mobile phase: ACN/3mM
ammonium acetate (65/35, v/v) (apparent pH¼4.8); UV detection wavelength:
254 nm; flow rate: 10 mL/min; backpressure: 23 bar; injection volume: 20 nL.
Moreover, in the case of intermediate precision, the RSD values (%)
were lower than 10% for both the areas and retention times.

Regarding LOD and LOQ values, as can be seen in Tables 2 and 3,
these values were 9.3 and 31 mM for norvaline enantiomers, and 7.5
and 25 mM for tryptophan enantiomers. Figs. 2A and B, and 3A and
3B display the chromatograms corresponding to the enantiomeric
separation of norvaline and tryptophan, respectively, at concen-
trations corresponding to their LOD and LOQ.
Fig. 3. Chromatograms corresponding to (A) the LOD (7.5 mM) and (B) the LOQ (25 mM)
of D-tryptophan; (C) FMOC-derivatized racemic tryptophan standard solution and
analyzed dietary supplements whose label indicates presence of L-tryptophan (sam-
ples 1e4). Experimental conditions: 15 cm� 100 mm I.D.; mobile phase: ACN/3mM
ammonium acetate (65/35, v/v) (apparent pH¼4.8); UV detection wavelength:
254 nm; flow rate: 10 mL/min; backpressure: 23 bar; injection volume: 20 nL.



Table 4
The results obtained in the analysis of norvaline and tryptophan in dietary
supplements.

Sample D-enantiomer content (%) L-enantiomer content (%)

Norvaline-sample 1 <LOD <LOD
Norvaline-sample 2 <LOD 104± 4
Tryptophan-sample 1 <LOD 103± 4
Tryptophan-sample 2 <LOD 97± 3
Tryptophan-sample 3 <LOD 110± 4
Tryptophan-sample 4 <LOD 106± 2

Experimental conditions as in Fig. 1.
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Once the developed method was proven to be adequate for the
enantiomeric determination of tryptophan and norvaline, it was
applied to the analysis of four dietary supplements containing L-
tryptophan and two containing L-norvaline. As can be seen in
Fig. 2C, D-norvaline content was below the LOD (9.3 mM) in samples
1 and 2, while the content of L-norvaline in sample 2 was above the
LOQ value and the amount quantified by the standard external
calibration method was in agreement with the labeled content
(Table 4). Regarding sample 1, content of L-norvaline did not match
the labeled content, since it was below the LOD. Preconcentrating 4
times sample 1 still led to no detection of L-norvaline. Spiking
sample 1 with 125 mM of L-norvaline resulted in the detection of
this peak being the calculated concentration equal to the added
one. A second batch of sample 1 was also injected (data not shown)
and the outcome was the same as with the first batch that L-nor-
valine could not be detected. Consequently, it could be concluded
that L-norvaline was not present in this sample in spite of the fact
that the label declared its presence.

As in the case of L-norvaline dietary supplements, the content of
D-tryptophan in the four supplements analyzed was below the LOD
value (Fig. 3C). Content of L-tryptophan was in agreement with the
label in all cases (Table 4).
4. Conclusions

The enantiomeric separation of FMOC-derivatized protein and
non-protein amino acids was achieved by nano-LC using an MQD-
silica hybridmonolithic column. First, the FMOCwas selected as the
derivatization reagent which has the simplest sample preparation
and satisfactory enantioresolution. Second, the effect of the
apparent pH, buffer concentration and content of the ACN in the
mobile phase was investigated for a group of FMOC-derivatized
amino acids. Third, under the optimized conditions, the MQD-
silica hybrid monolithic column provided good enantior-
ecognition for 19 analytes, enabling baseline enantioseparation for
11 out of 27 assayed FMOC-amino acids. Finally, the method was
proven to be adequate in terms of selectivity, linearity, precision,
accuracy and LODs and LOQs for the enantiomeric determination of
L-norvaline and L-tryptophan in dietary supplements. From the
analyzed dietary samples, none of them presented detectable
amounts of the D-enantiomers while the content of the L-enantio-
mers was in agreement with the label content in all cases, except
for one L-norvaline samplewhose presencewas completelymissing
although the label indicated its presence. This demonstrates the
applicability of the developed strategy in the quality control of
dietary supplements in a fast and accuratemanner. It is also the first
report showing the application of theMQD silica-hybridmonolithic
column to analysis of real samples.
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