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An accurate and sensitive liquid chromatography—tandem mass
spectrometry method was developed for the analysis of amino
acids (isoleucine, leucine, valine, tyrosine, phenylalanine and trypto-
phan) in serum samples using a stable isotope labeling strategy.
Amino acid samples and standards were, respectively, derivatized
by 10-methyl-acridone-2-sulfonyl chloride (d,-MASC) and its deuter-
ated counterpart d;-MASC to form isotopic pairs which co-eluted and
were detected by an MS detector at the same time. Accurate internal
standard-based quantification was thereby achieved without the use
of any internal standard analogy. The labeling reaction of MASC with
amino acids is fast, simple and robust. Besides, derivatization in-
creased the molecular weight of amino acids, and therefore they
were shifted out of the background noise which was often observed
in low mass region. The instrument LODs were in the range of 1.0-
2.5 nmol/L. Linearities calculated by comparing theoretical peak area
ratios of dy-/d;-MASC derivatives with the experimental peak area
ratios were excellent with correlation coefficients of >0.995. The
proposed method was successfully applied to the analysis of amino
acids in serum samples with high sensitivity and accuracy.

Introduction

Amino acids, the primary components of proteins, are very im-
portant for biological processes such as protein synthesis and
metabolic pathways (1, 2). The imbalance of aromatic amino
acids (AAAs, phenylalanine and tyrosine) and branched chain
amino acids (BCAAs, leucine, isoleucine and valine) in blood
often indicates some disorders (3—06). For example, the metabol-
ic disorders of AAAs are related to many kinds of diseases such as
mental disorders, liver disease, kidney disease and immune sys-
tem diseases (7). The decreased BCAA levels in plasma are
often related to patients with liver cirrhosis (3), while liver insuf-
ficiency often has great correlations with the BCAA—AAA ratio (3,
5). To obtain better diagnosis and monitoring of these disorders,
accurate analysis of these amino acids in blood is of great
importance.

Because of the absence of a strong chromophore or fluoro-
phore in most amino acids, there is rare direct ultraviolet (UV)
or fluorescence (FL) detection of these compounds (8). Pre- or
post-column derivatization of amino acids followed by UV or FL
detection became one of the most convenient and widespread
analytical approaches to enhance the sensitivity (9, 10).
However, due to the complex property of blood samples, inter-
ferences were often observed in liquid chromatography analysis.

The liquid chromatography—mass spectrometry (LC—MS) meth-
od provides a more specific approach, but ionization differences
caused by matrix effects may also greatly influence the accuracy.
It is desirable to use internal standard to every amino acid of in-
terest. However, it will be quite expensive and not practical to
synthesize internal standard to every amino acid. In recent
years, a new strategy applying stable isotope labeling has provid-
ed an internal standard-based quantification method without the
need of using internal standard to every target compound.
Samples and standards are simultaneously derivatized with light
and heavy isotope-coded labeling reagents, respectively. Then
the differentially labeled samples and standards are mixed and
analyzed by LC—MS. The isotopic pairs of the labeled analytes
coelute within a single run and have identical retention times
(Figure 1) (11-14). Matrix effects and ionization differences
are overcome by the coelution of analytes and the standards at
the same time.

In this article, we report a sensitive and reliable method for
the accurate determination of amino acids in serum samples.
Differential isotope labeling of amino acids with isotope-coded
MASC provided isotopic variants which coeluted on a reversed-
phase column. Matrix effects and run-to-run ionization differenc-
es which were often encountered in direct LC—MS analysis were
greatly reduced by the application of deuterated internal stan-
dard generated through derivatization. The hydrophobicity of
amino acids was increased through derivatization with MASC,
and therefore they can be better retained on the reversed-phase
columns. Besides, derivatization increased the molecular weight
of amino acids, and therefore they were shifted out of the back-
ground noise which was often observed in low mass region. The
proposed method was successfully applied to the analysis of
amino acids in serum samples.

Experimental

Reagents and chemicals

Analytical standards of amino acids including isoleucine (Ile),
leucine (Leu), valine (Val), tyrosine (Tyr), phenylalanine (Phe)
and tryptophan (Trp) were all obtained from BDH (UK) with pu-
rity higher than 99%. Acetonitrile was of HPLC grade and pur-
chased from Sigma-Aldrich (USA). Pure distilled water was
purchased from Watsons (Guangzhou, China). All other reagents
used were of HPLC grade or at least of analytical grade. Individual
stock solutions of 0.1 mol/L for all compounds were prepared in
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water, and if necessary, 6 mol/L HCI and stored at 4°C in the
dark. Standard solutions containing all compounds were mixed
and diluted with water, and working solutions of all compounds
and calibration concentrations were prepared by appropriate
dilution of the stock solutions on the day of analysis.

do-MASC or d3-MASC were synthesized in authors’ laboratory
according to the method described in our previous work by
Zhang et al. (15). The derivatizing reagent solution (1.0 X
1073 mol/L) was prepared by dissolving 3.1 mg MASC in 10 mL
of anhydrous acetonitrile. When not in use, all reagent solutions
were stored at 4°C.

Extraction of amino acids from serum samples
Serum samples were obtained from Qufu People’s Hospital.
Serums were collected and stored at 4°C after centrifuging. An
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Figure 1. Quantification strategy of stable isotopic labeling.
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Figure 2. Derivatization scheme of lle with MASC. X = H or D.

aliquot of 200 pL of serum was added into a 5 mL glass centri-
fuge tube. A 0.8 mL of acetonitrile was then added to precipitate
protein. After vortexing for 1 min, samples were centrifuged to
remove the precipitation. Then, 100 wL of the serum extraction
was added into a 2-mL vial and derivatized by the same proce-
dure described above.

Derivatization of amino acids

The derivatization of amino acids with MASC proceeded in basic
conditions (see Figure 2). To a solution containing an appropri-
ate amount of standard in a 2-mL vial, 50 pL 0.1 M borate buffer
(pH 8), 100 L acetonitrile and 50 pL dy-MASC or d;-MASC ace-
tonitrile solution were added. The vial was sealed and vortexed
for 1 min, then it was allowed to react at 60°C for 5 min in a water
bath. After the reaction was completed, the mixture was cooled
to room temperature. A 20 pL 50% (v/v) acetic acid solution was
added to adjust pH to <7.0. The derivatized sample solution was
then diluted to 500 pL with water—acetonitrile (1:1, v/v).

HPLC-MS$-MS analysis

HPLC-MS-MS analysis was carried out by an Agilent 1290 series
HPLC system coupled with an Agilent 6460 Triple Quadrupole
MS-MS system (Agilent, USA) equipped with an Agilent Jet
Stream electrospray ionization (ESI) source. HPLC separation
was achieved using a SB C18 column (2.1 x 50 mm, 1.8 pum i.d,
Agilent, USA). Eluent A was 0.1% (v/v) formic acid in 5% (v/v)
acetonitrile and B was 0.1% (v/v) formic acid in acetonitrile.
The flow rate was 0.2 mL/min and the column temperature
was kept at 30°C. The elution conditions were as follows: 10—
23% B from 0 to 5 min, 23—-95% B from 5 to 10 min. The injection
volume was 2 pL. The mass spectrometer was operated in a pos-
itive ion mode for the monitoring of [M + H|*. The optimal ESI
source conditions were as follows: capillary voltage +4.0 kV;
nebulizer 40 psi; dry gas 11.0 L/min; dry temperature 300°C;
sheath gas temperature 280°C; sheath gas flow 10 L/min. The
multiple reaction monitoring (MRM) parameters of the target
compounds are listed in Table L

Method validation

The proposed method was validated in terms of linearity, limit of
detection (LOD), limit of quantitation (LOQ) and accuracy.
Linearities of dp-MASC and d3-MASC derivatives were, respectively,
studied by plotting peak areas versus concentrations
(10-200 nmol/L). The linearities of the stable isotope labeling
method were then evaluated by comparing the theoretical peak
area ratios of dy-/d3-MASC derivatives with the experimental
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peak area ratios. LODs and LOQs for all target compounds were
calculated at a signal-to-noise (S/N) ratio of 3 and 10, respectively.
Method accuracy was evaluated by recoveries which were carried
out by spiking blank samples with three different concentrations
of standard solutions. Intra-day precision was determined by an-
alyzing samples spiked at the same three levels of standards with
six replicates, and inter-day precision was determined by running
samples with spiked standards at the same levels with three rep-
licates on three different days over a period of 1 week.

Results

Stability of MASC and MASC-AA derivatives

Acetonitrile solution of MASC could be stored at room tempera-
ture (25°C) for 1 week without significant decrease in derivatiza-
tion yields for amino acids compared with those obtained by
newly prepared MASC solution. When placed at 4°C, it could
be stable for 1 month with peak area deviations of <5% for the
derivatized analytes. The stabilities of the corresponding deriva-
tives were also investigated. These solutions were repeatedly an-
alyzed by LC—MS-MS after being placed at room temperature for
0,4, 8, 12, 24, 48, 72 and 96 h, respectively. The corresponding
derivatives were stable with peak area deviations (RSDs) of
<4.6%. Therefore, the stability of MASC and MASC derivatives
were sufficient for the HPLC analysis.

HPIC separation of amino acids
Ile and Leu are isomers differing only in the iso-butyl and sec-
butyl chains. It is difficult to separate the two isomers in a

Table |
The MRM Parameters (Agilent 6460)
Compound  Precursor ion Product ion Fragmentor (V) ~ CE® (V)
Light ~ Heavy Light Heavy
lle 403.1  406.1 208.1 3570 2111 3600 135 45
Leu 403.1 4061 2081 3570 2111 360.0 135 45
Val 3891 3921 2081 3430 2111 346.0 125 30
Phe 437.1 4401 208.1 3911 2111 3941 130 30
Tyr 4531 4561 209.1 407.1 2121 4101 140 40
Trp 476.1 4791 2081 4301 2111 4331 135 35
“CE for quantitative ions.
x103
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short time, and many studies choose one of them for analysis
or use a relative long separation time to fulfill complete separa-
tion of them (16, 17). In this study, we found Ile and Leu could be
separated by slow gradient elution (25 min). The peak intensities
of Ile and Leu were almost the same with peak area deviations of
<5%. Since the total amount of BCAA is usually applied in the
analysis of disorders, sum areas of Ile and Leu can be accepted
for the quantification of the isomers due to the similar mass re-
sponses of them. To achieve quick analysis of amino acids, sepa-
ration of Ile and Leu was not pursued and the analysis time was
reduced from 25 to 10 min. Sum areas of Ile and Leu were applied
for quantification, and the responses were in good linearity with
the concentrations. The same strategy was also applied by other
authors (18).

ESI- MS-MS analysis of amino acids

Ions common to most do-MASC-AA derivatives were at 72/ z208.1
and 224.1. These ions were derived from the dy-MASC moiety.
Correspondingly, for the d3-MASC labeled amino acids, 211.1
and 227.1 were common ions derived from the d3-MASC moiety.
An exception was observed for Tyr, whose representative ion
was 209.1, but not 208.1. Its corresponding deuterated counter-
part was 212.1. This might be caused by the addition of a H atom
into the MASC moiety. Besides ions representing the derivatizing
reagent moiety, analyte-specific fragment ions were also ob-
served. [M-45]" was observed in the product ion spectrum of
all the MASC-AA derivatives. For example, the molecular weight
of Ile was 403.1, and its fragment ion was 357.1. We propose that
this ion is formed by the loss of the carboxyl group from the pre-
cursor ion (Figure 3). The precursor and product ions of all
MASC-AA derivatives are listed in Table I.

Absolute quantification of the amino acids

LC-MS is popular in absolute quantification due to its high sen-
sitivity and specificity. However, endogenous matrix compo-
nents may coelute with the analytes of interest and thus affect
the reproducibility and accuracy of the method (19-21).
The stable isotope labeling method provides a good strategy to
overcome matrix effects. Standards and samples were, respec-
tively, labeled by heavy and light versions of derivatizing reagents.
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Figure 3. Spectrum of the product ions of lle. This figure is available in black and white in print and in color at JCS online.
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After the completion of the labeling reaction, they were then
mixed and analyzed by LC—MS. Standards and sample derivatives
co-eluted in a single run and experienced the same ionization
process. Thus, matrix effects observed for the light-labeled ana-
lytes were expected to be identical with the heavy-labeled
standards.

The linearities of dy-MASC and d3-MASC labeled amino acids
were first studied to guarantee the reliability of the stable isotope
labeling strategy. The results indicated that both dyo-MASC and
d3-MASC derivatives were in good linearity with correlation coef-
ficients higher than 0.996. dy- and ds-labeled amino acid stan-
dards were then mixed in ratios of 1:20, 1:10, 1:5, 1:1, 5:1, 10:1
and 20:1 in aqueous solution. The standard mixtures were then
injected into the column followed by ESI-MS-MS analysis, and
the resulting MRM chromatograms were used for evaluation. As
shown in Figure 4, the dy- and ds-labeled standards had exactly
the same retention times. Linearities calculated by comparing
theoretical peak area ratios of dy-/d3-MASC derivatives with the
experimental peak area ratios were excellent with correlation
coefficients of >0.995 (Table II), indicating the robustness of
the labeling strategy. Thus, amino acids can be quantitatively
and reproducibly analyzed by this strategy.

Method validation

Parameters including LOD, LOQ, precision and trueness were
validated according to the procedures described in the
‘Experimental’ section. As shown in Table II, the method is sen-
sitive with instrument LODs ranging from 1.0 to 2.5 nmol/L, and
LOQs ranging from 3.0 to 7.0 nmol/L. According to the usual
concentrations of amino acids in serum samples, recoveries
were determined by spiking 30, 50 and 100 pmol/L of standards
in serum samples. The spiked samples experienced the whole
sample pretreatment procedures and light labeled by dy-MASC,
while the standards were heavy labeled by ds-MASC. Then the
spiked samples and standards were mixed and determined by
LC—MS-MS. Based on the formula of (measured value — endoge-
nous value) /added value x 100, the recoveries were between 90
and 96% for all amino acids. The results are listed in Table II. The
intra-day precisions for the tested samples were in the range of
3.2-6.0%, while the inter-day precisions were between 5.9 and
8.6%.

Application

The proposed method was applied to the analysis of amino acids
in the serum of healthy people and hepatitis patients. Serum sam-
ples were light labeled by do-MASC, while the standards were
heavy labeled by d3-MASC. Then samples and standards were
mixed and determined by ESI-MS-MS in MRM mode. The results
are listed in Table III. The BCAA/AAA ratios were calculated and
compared to study the differences between healthy people and
hepatitis patients. As shown in Table III, the BCAA/AAA molar ra-
tios in hepatitis patients were lower than those in healthy people.
Although differences between individuals may exist, the molar
ratio of BCAA/AAA can be used, to some extent, as an indicator
of the damage of liver.
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Figure 4. Extracted ion chromatogram of dg- and ds-labeled amino acids. This figure is
available in black and white in print and in color at JCS online.

Table Il

Method Linearity, Dynamical Range, LOD and LOQ

Analyte Linearity R? Dynamical ratio range  LOD (nmol/L) ~ LOQ (nmol/L)
lle+Lleu Y=009661X° 09996 20:1-1:20 1.0 3.0

Val Y = 1.0687X 0.9952  20:1-1:20 2.0 6.0

Phe Y=10287X 09952 20:1-1:20 15 45

Tyr Y=0.8524X 09978 20:1-1:20 25 7.0

Trp Y=09523 09952 20:1-1:20 22 6.5

“X, theoretic concentration ratio; Y, experimental mass spectrometric peak intensity ratio.

Discussion

Effect of borate buffer on derivatization
Derivatization of amino acids with MASC proceeded in basic con-
ditions. Sodium bicarbonate buffer and borate buffer were
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Table 1l
Determined Values of Amino Acids in Serum Samples

Samples Concentration pmol /L BCAA/AAA®
lle + Leu Val Phe Tyr Trp

Hepatopath 2 112 +55 300 + 9.8 111 +5.0 83.1+4.0 82.0 +3.7 1.49

Hepatopath 2 131+ 5.8 314+ 10 12+ 48 76.5 + 3.9 82.2 £33 1.64

Health people 1 154 + 6.2 375+ 15 106 + 4.6 378+ 1.6 723 +29 2.45

Health people 2 143 + 5.7 321 +12 105 + 4.1 446+ 2.3 565+ 2.7 2.25

“BCAA/AAA molar ratio.

compared in this study for derivatization. The results indicated
that borate buffer was superior to sodium bicarbonate. The effect
of pH on the derivatization was then evaluated with borate buffer
(0.1 M) in the pH range of 7.5—11.0. Maximum responses of most
AA derivatives were obtained in the pH range of 8.0-8.5, while
for Tyr, maximum response was obtained at pH 10. Under this
condition, the responses of other compounds were decreased
by almost 50%. To guarantee the maximum derivatization yields
for most amino acids, 0.1 mol/L borate buffer with pH of 8.0 was
applied in subsequent derivatization. Under this condition, Tyr
mainly existed in its mono-substituted form. This provided
great convenience for the quantification.

Effect of MASC concentration on derivatization

The concentration of derivatizing reagent is a vital factor in deri-
vatization. To achieve accurate quantification of the target com-
pound, sufficient reaction of the analytes should be guaranteed.
In this study, the effects of MASC concentrations on derivatiza-
tion were studied in detail. The results indicated that constant
MS response was achieved with the addition of a 7-fold molar re-
agent excess to total molar amino acids. Further increasing the
excess of reagent beyond this level had no significant effects
on derivatization yields. For the convenience of operation,
1.0 x 10~ mol/L of MASC was applied in derivatization. This
concentration was enough for daily analysis because the con-
tents of amino acids in most serum samples were below this
level, and serum samples were usually diluted tens of times
before derivatization.

The effect of reaction temperature on derivatization was also
evaluated. Derivatization of MASC with amino acids could be
finished within 5 min at 60°C. Derivatization yields were cons-
tant in the temperature range of 55-70°C. Lower temperature
needs longer reaction time, while temperature of higher than
70°C leads to decrease in response. That is probably due to the
hydrolysis of the derivatives at high temperature. Thus, 1.0 X
1072 mol/L of MASC and 60°C were employed for derivatization.

Conclusion

A sensitive and reliable stable isotope labeling method was devel-
oped for the analysis of amino acids in serum samples. The label-
ing reaction of amino acids with MASC can be finished within
5 min under milder conditions. The stable isotope labeling strat-
egy made internal standard-based quantification of amino acids
become possible without the need of using expensive internal
standard analogy to every analyte of interests. Matrix effects
and run-to-run ionization differences, which were frequently
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observed in LC—-MS analysis, were greatly reduced by the coelu-
tion of the analytes and standards. The shortcoming of eluting in
the low mass region was overcome by derivatization. That was
because the molecular weight of the introduced MASC moiety
was about two times of those of amino acids. The utility of the
method was well validated in the analysis of amino acids in
serum samples.
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