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Abstract The analysis by electrospray-ionization tandem
mass spectrometry of amino acids with butyl esterification
and isotopically labeled internal standard is routine in
newborn screening laboratories worldwide. In the present
study, we established a direct analysis method of higher
accuracy that uses a non-deuterated internal standard. The
automatic sampler and the pump of an LC apparatus were
used to inject sample and mobile phase to MS, but no LC
column was needed. The dry blood spot (DBS) material
was prepared at levels of low, medium and high concen-
tration; the running time was 1 min. In parallel to the new
procedure, we applied the established method to analyze
nine amino acids on DBS of healthy newborns and phen-
ylketonuria newborns. The newly proposed method of
product ion confirmation scan along with multiple reaction
monitoring resulted in a very accurate identification of each
amino acid. Our innovative protocol had high sensitivity
and specificity in the analysis of cases of suspected meta-
bolic diseases.
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Introduction

Disorders of amino acid metabolism are a group of rare
inherited diseases. Newborn infants with amino acid
disorders cannot process certain amino acids (AA) due to
the shortage or reduced activity of specific enzymes. The
unprocessed AA, along with other toxic substances, then
build up in the body and threaten health. For example,
elevated phenylalanine results in phenylketonuria (PKU)
(Guthrie and Suzi 1963), elevated branched-chain amino
acids valine and leucine give rise to maple syrup urine
disease (MSUD) (Naylor and Guthrie 1978). So, it is
important to simultaneously determine the content in free
AA of newborn body fluids as important biomarkers for
disorders of amino acid metabolism.

Since most of the AA do not have ultraviolet absorption
(UV) or fluorescent emission, the methods that have been
used for AA analysis involved a chromatographic separation
always with pre-column or post-column derivatization of the
AA, with UV absorptive or fluorescent functional group
detection (Sarwar and Botting 1993; Fekkes 1996). The most
frequently applied method for the quantitative analysis of
physiological AA in body fluids is ion-exchange chroma-
tography (IEX-LC) with post-column ninhydrin derivatiza-
tion (Spackman et al. 1958; Deyl et al. 1986; Qu et al. 2001).
However, this technique requires dedicated equipment as
classic amino acid analysis and is time consuming, often
requiring 2-3 h per sample. The use of HPLC is another
conventional technique utilized for AA quantifications with
pre-column derivatization (Dale et al. 2003). It has the
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advantage of producing reliable, cost-effective results and
implies no instrument specificity; however, the disadvantage
is that samples must be derivatized before processing, and
excess reagents impact on the analytical performance. In
comparison with HPLC, due to its cost and the requirement
of skillful staff, MS instrumentation is less widely diffused in
research and routine laboratories but it offers the advantage
of rapid and accurate analysis, which makes it more suitable
than HPLC for high sample throughput in clinics.

Tandem mass spectrometry (MS/MS) has rapidly gained
world-wide support as the method of choice for the screening
of newborn metabolic disorders, including the analysis of
AA. The analytical process requires that AA are first
extracted from DBS, and then chemically modified by butyl
esterification. The subsequent analysis by MS/MS focuses on
a neutral loss (NL) of 102 Da from neutral and acidic amino
acids, of 119 Da from basic amino acids, to improve the
chances of detecting the target AA in complex biological
matrices (Chace et al. 1993, 1995, 1999; Zytkovicz et al.
2001; Chace and Kalas 2005; Dietzen and Weindel 2010).
Although the method provides good sensitivity, the manual
derivatization step decreases the reproducibility of the
results. LC-MS/MS improves the separation among AA and
reduces the noise due to matrix components. The use of the
ion-pair reagent in LC separation allows omitting the deriv-
atization step but the ion-pair reagent may eventually pro-
duce ion suppression in the mass spectrometry step, and the
high proportion of aqueous phase in LC separation shortens
the lifetime of the column (Qu et al. 2002; Piraud et al. 2003,
2005a, b; Zoppa et al. 2006; Waterval et al. 2009).

A recent report shows that only minor differences are
observed between quantitative values obtained with buty-
lesters and underivatized samples in the analysis of four
amino acids (De Jesus et al. 2010). In general, however, we
lack knowledge about the quantification by MS/MS of
underivatized AA with non-deuterated internal standard.

On this background, this paper presents a method to
quantify nine amino acids using MS/MS without processing
by butyl esterification; the analysis time with this protocol is
only 1 min. To accurately quantify the underivatized AA in
DBS, the method of the product ion confirmation scan (PICS)
is introduced. The protocol is simple, rapid, sensitive and
inexpensive, and can be effectively applied to the screening
of a large number of samples in clinics thanks to its short run
time and the simple processing of DBS samples.

Experimental
Instrumentation and chemicals

A Perkin Elmer blood spot puncher (1296-071 Delfia)
(Milan, Italy) was used for punching discs from blood spots
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on filter paper. Waters Xevo TQ MS spectrometer with
Tonspray source (Micromass UK, Manchester, UK) and a
two-way valve connecting the system were utilized for
amino acid analysis. Data were recorded on an IBM per-
sonal computer using the MassLynx4.0 acquisition and
calculation software (Micromass UK).

The amino acids such as L-Phenylalanine (Phe),
L-Tyrosine (Tyr), L-Proline (Pro), L-Valine (Val), L-Thre-
onine (Thr), L-Leucine (Leu), L-Lysine (Lys), L.-Methionine
(Met), L-Glutamic acid (Glu) and the N,N-Dimethyl-L-
phenylalanine (V,N-Phe) as internal standard were obtained
from Sigma—Aldrich (St. Louis, MO, USA). HPLC grade
formic acid was obtained from Tedia (USA). HPLC grade
methanol was purchased from Fisher Scientific (Fairlawn,
NIJ). All the other chemicals were of analytical grade. The
standard stock solutions of each unlabeled amino acid were
500 pmol/L. and the internal standard stock solution was
400 umol/L; they were stored at —20°C until used.

Blood spot collection and sample preparation

Blood spot samples were from newborns tested by the local
Newborn Screening Program. Samples from a group of
healthy newborns (n = 100) and a group of PKU newborns
(n = 12) were collected on to S&S903 specimen collection
paper and allowed to dry for at least 24 h before mea-
surement of amino acid concentrations. Blood spots were
immediately used or stored at 4°C. Samples were prepared
for MS/MS analysis as follows. About 60 pL of the pre-
pared spiked blood standards (60 pmol/L, 300 pmol/L, and
1.8 mmol/L, of each amino acid) and blood from newborns
were spotted directly on to S&S903 filter paper. From
every filter paper three blood spot discs (each with diam-
eter = 3.2 mm and ~3.4 pL. whole blood) (Chace et al.
2003) were punched out and transferred to 0.5 ml Eppen-
dorf tubes for three separated analytical runs (n = 9). Then
100 pL. of methanol containing 0.1% formic acid with
5 pmol/L internal standard was added to Eppendorf tubes
for the extraction of the amino acids. The samples were
extracted under sonication for 30 min at room temperature,
and no derivatization was carried out. The extract solution
was centrifuged at 10,000g and 20°C for 5 min, and the
resulting supernatant was used for analysis by MS/MS.

Analysis method

The automatic sampler and pump of an LC apparatus were
used to inject the sample and send the flow phase to MS.
The mobile phase solvent was 100% methanol. The flow
rate was kept constant at 0.4 mL/min, and 2 pL of sample
was injected. The running time was 1 min. MS/MS anal-
ysis was done in positive ion mode and in MRM mode
following the ion transitions with appropriate instrumental
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:;?I:Z zllcilc(l)sne:r:ilnfritsitigrsngr)lrtzflh © Amino acids + Internal ITon transition Dwell Cone Collision
parameters‘ for theif MS/MS standard time (s) voltage (V) energy (eV)
detection in MRM mode Pro 116 > 70% 0.036 20 12
Val 118 > 72* 0.036 15 10
118 > 55 0.036 15 18
Thr 120 > 102* 0.036 15 10
120 > 74 0.036 15 15
Leu 132 > 86* 0.036 15 10
132 > 44 0.036 15 14
Lys 147 > 84* 0.036 20 14
147 > 130 0.036 20 10
Glu 148 > 84* 0.036 16 15
148 > 130 0.036 16 10
Met 150 > 104* 0.036 16 15
150 > 133 0.036 16 10
Phe 166 > 120* 0.036 18 15
166 > 103 0.036 18 22
Tyr 182 > 136* 0.036 18 15
Ion transitions marked with 182 > 165 0.036 18 10
asterisk were used for N,N-Phe 194 > 148%* 0.036 24 20
quantification, the other ones for 194 > 133 0.036 24 26

AA identification

parameters as described in Table 1. Source voltage was
3 kV, source temperature 150°C, desolvation temperature
350°C, gas flow desolvation 800 L/h., and the collision gas
argon was kept at a pressure of 1.4 x 107> mbar.

Results and discussion
MS/MS parameters

At first, we used the Intellistart function to optimize the
cone voltages and the collision energies to find the most
specific and sensitive detection parameters for each amino
acid in MRM mode. Every amino acid solution (2 pumol/L)
was directly injected into the mass spectrometer with the
aid of a syringe pump, at the rate of 20 pL/min. The
appropriate instrumental parameters are reported in
Table 1. MS/MS analysis was done in positive ion mode
and in MRM mode following the ion transitions with the
parameters listed in Table 1. The MRM scan for underiv-
atized amino acids is different from that of the butylesters,
in that a neutral loss of 46 Da is often observed.

Preparation of DBS samples

We have tried various organic solvents to increase the
effectiveness of AA extraction from DBS. The blood spots
were soaked with different extraction media, such as
methanol, acetonitrile, methanol containing 0.1, 0.5 and

1% formic acid, and acetonitrile containing 0.1, 0.5 and 1%
formic acid. The best recovery of all AA from DBS was
obtained using methanol with 0.1% formic acid. Further-
more, the addition of formic acid also improved the
response signal of the analytes in comparison with that of
pure methanol. Accordingly, we used a volume of 100 pL
of methanol, containing 0.1% formic acid and 5 pmol/L
N,N-Phe internal standard, as the extraction solvent in all
the tests.

Calibration, linearity, and limit of detection (LOD)

Calibration has been performed using scalar concentrations
of a mixture of nine amino acids with identical concen-
tration of internal standard. Two sets of calibration curves
were evaluated: one using methanol (without matrix)
(Fig. 1) and one spiked with dried blood amino acids (with
matrix) for the assay of blood spots (data not shown).
Results for Phe in methanol solution and in DBS samples
were in close agreement in the MS/MS assay (Fig. 2).
Linearity of the MS/MS assay without and with matrix was
found between 0.1 and 200 umol/L and between 0.5 and
20 umol/L of each AA, with a LOD of 0.1 and 0.5 umol/L,
respectively (Figs. 1, 2).

Precision and recovery

Precision and recovery results are shown in Table 2. On the
whole, an analytical recovery of 93.0-110.5% meets the
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Fig. 1 Typical calibration (dose-response) curves for nine amino
acids/internal standard (without matrix). Calibrations are corrected
with the weight coefficient 1/X* (the range of concentration of each
amino acid was 0-6 mmol/L corresponding to the concentration in
whole blood)
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Fig. 2 Calibration curve for Phe (mean, SD) from measurements by
MS/MS with the new assay on methanol and blood spot calibrators
(data for other amino acids not shown). The equation and correlation
coefficient were y = 0.0892265x—0.0015847 (> = 0.9964) and
y = 0.0891267x + 0.088384 (+* = 0.9920), respectively

requirements for a bioanalytical assay. Precision and
recovery studies (within-day, n = 10, between-day, n = 10)
were carried out using DBS from healthy neonates, stored
at 4°C.

Application to DBS samples

The above-characterized new procedure was applied to the
analysis of nine amino acids in DBS from healthy new-
borns (n = 100) and from PKU newborn patients (n = 12)
(Table 3). The levels of each AA in the control group were
similar to Qu’s study except for the concentration of Glu
(Qu et al. 2002).

In our study, we reassessed PKU patients first diagnosed
through newborn screening, and quantified Phe and other
eight amino acids in their DBS with our method. We found
significant differences in the concentration of a number of
amino acids between PKU and healthy newborns. In the
PKU group (n = 12), the level of Tyr, XlIe, Lys-Gln and
Met did not change (P > 0.05), the level of Phe and Val
significantly increased (P < 0.001 and P < 0.01) and the
level of Pro, Thr and Glu slightly decreased (P < 0.05).

The phenomenon of ion suppression is to be taken into
account in MS/MS. We thus verified whether the samples
containing high concentration of Phe would inhibit the
detection of other amino acids. We used 10 DBS from
healthy neonates that were divided equally into two groups.
The first group of samples was prepared with 100 pL
methanol containing 0.1% formic acid with 5 pmol/L
internal standard; the second group contained in addition
40 pumol/L Phe. The amount of amino acids (except Phe)
detected by MS/MS was not significantly different between

Table 2 Precision and recovery of the nine underivatized AA in the MS/MS assay on blood spots samples (umol/L, mean + SD)

AA offset to 60 umol/L 300 umol/L 1800 pmol/L
whole blood

Mean £ SD  Within-day Between-day Mean & SD  Within-day Between-day Mean &+ SD Within-day  Between-day

(Recovery%)* SD (CV %) SD (CV %) (Recovery%)* SD (CV %) SD (CV %) (Recovery%)* SD (CV %) SD (CV %)
Pro 141.9 (109.1) 9.7 (6.8) 12.4 (8.7) 370.3 (100.9) 13.5 (3.6) 13.0 (3.5) 1855.7 (96.5) 46.6 (2.5) 55.8 (3.0)
Val 209.6 (106.8) 16.5 (7.8) 20.3 (9.7) 596.4 (102.1) 18.5 (3.1) 19.4 (3.3) 2159.6 (101.0) 153.7 (7.2) 184.8 (8.4)
Thr 144.5 (107.5) 179 (12.3) 24.4 (16.9) 363.7 (104.4) 19.0 (5.2) 21.8 (6.1) 1825.3 (97.4) 90.8 (5.0) 105.7 (5.8)
Xle® 167.9 (103.5) 11.1 (6.6) 10.5 (6.3) 579.2 (100.7) 18.8 (3.3) 12.5 (2.2) 2065.9 (100.4)  68.5 (3.3) 52.0 (2.6)
Lys-GIn® 134.3 (95.8) 8.9 (6.7) 11.0 (8.1) 380.8 (94.9) 26.8 (7.1) 32.4 (8.4) 1872.7 (95.6) 49.4 (2.6) 41.6 (2.2)
Glu 143.6 (110.5) 15.1 (10.5) 20.1 (14.0) 379.7 (104.5) 23.8 (6.2) 21.9 (5.8) 1886.0 (99.1) 40.9 (2.2) 31.9 (1.7)
Met 84.4 (106.3) 5.4 (6.4) 7.5 (8.8) 312.2 (105.5) 104 (3.3) 9.2 (3.0 1797.1 (98.0) 342 (1.9) 38.3 (2.1)
Phe 97.0 (106.1) 5.8 (5.9) 6.0 (6.3) 367.7 (107.0) 18.8 (3.3) 9.0 (2.5) 1836.9 (94.7) 69.4 (3.8) 58.8 (3.2)
Tyr 99.8 (106.6) 4.8 (4.8) 3.5(3.5) 3429 (101.9) 8.5 (2.5) 11.3 (3.3) 1865.9 (93.0) 62.8 (3.4) 714 (3.8)

? The extraction recoveries were evaluated through the ratio of DBS samples spiked with the standard of each amino acid. The mean of triplicate assays is

recorded

° The quantification of the amino acid(s) associated with ions of m/z = 132 and ion transition 132 > 86 by MS/MS

¢ The quantification of Lys plus Gln
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Table 3 Concentration of nine amino acids in healthy controls and in
PKU patients (umol/L, mean + SD)

Amino acids Healthy newborns PKU patients

(n = 100) (n=12)

(pmol/L) (pmol/L)
Pro 123.9 + 30.7 94.0 + 35.6%*
Val 113.7 + 36.3 146.8 £ 38.4*
Thr 145.5 £+ 49.8 104.3 £ 44.0*
Xle 133.8 £+ 56.0 143.3 £+ 44.7
Lys-Gln 149.7 £ 55.4 134.0 £+ 34.1
Glu 2133 £ 64.2 151.5 £ 39.3**
Met 6.6 +44 103 £ 7.6
Phe 60.0 + 16.4 907.1 £ 514.8%%%*
Tyr 774 + 153 74.5 £ 20.7

* Compared with the control subjects P < 0.05
** Compared with the control subjects P < 0.01
*#% Compared with the control subjects P < 0.001

the two groups: so, the effect of ion suppression was
excluded. The changes of AA other than Phe in DBS of
PKU newborns need further research to be confirmed and
to be clarified in their biological reasons.

Samples numbered 1-12 were from newborns diagnosed
as affected by PKU using commercial BIA diagnostic kits
and retested with the new MS/MS method. The results for
Phe and Tyr concentrations and the molar ratios of Phe to
Tyr in those samples are summarized in Table 4. For the
control group, the mean + SD Phe/Tyr ratio was
0.67 £ 0.26 (range 0.20-1.33, n = 100). For all cases of
PKU, the mean ratio was 12.87 £ 9.75 (range 2.40-24.78,
n = 12). We found that both the concentrations of Phe and
the molar ratios of Phe/Tyr were remarkably higher in
PKU-positive than in control newborns. Therefore, false
positives connected with using only Phe concentration as
the marker for PKU diagnosis, which is the basis for the
BIA method, can be avoided with the proposed protocol.

Table 4 Quantitation of Phe

T D ieaes T [emPA PemaSNSr SNy s
from 12 PKU newborns by BIA
and by the new MS/MS method  pgyy 4 1492.7 1564.5 95.1 16.45
PKU 2 606.1 633.6 89.4 7.09
PKU 3 924.8 969.3 101.1 9.59
PKU 4 580.6 594.9 81.3 7.32
PKU 5 171.5 181.5 73.8 2.46
PKU 6 175.0 184.5 69.0 2.67
PKU 7 129.1 137.4 57.3 2.40
PKU 8 1090.9 1068.6 108.3 9.87
PKU 9 1394.0 1405.2 56.7 24.78
PKU 10 1090.9 11139 60.0 18.57
PKU 11 1424.2 1447.2 78.6 18.41
PKU 12 1090.9 1176.6 66.0 17.83
Fig. 3 Phe 166 > 120 ion Forward Fit: 436
transition in the PICS spectrum Reverse Fit: 484
of a PKU newborn compared to Ref
the MS/MS spectrum of the elerence
corresponding Phe standard. 100 120
The forward fit and the reverse
fit was as a reference to check % 107
for false positives . . 103/ 120 134 166
O L e e o il 4
PICS 2.075e+006
120.04
100 0,040
% 119.814
JF 9% 69.011 188K 9278 102836 130,970 148,076 166.086
T T T TeT T W T u f m/z
50 60 70 80 90 100 110 120 130 140 150 160
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Our new procedure is also superior to the n-butanol
derivatization MS/MS method in the elimination of the
laborious derivatization procedure.

Application of PICS to enhance the reliabilty of AA
determination in DBS of PKU patientss

The PICS method was used to enhance the reliabilty of our
protocol. When the response intensity of the target com-
pound exceeds a set threshold of background noise level in
the collected MRM, the PICS could be collected during a
single run, by acquiring at once the daughter ion spectrum.
To prevent the occurrence of false positives, we also
compared the daughter ion spectrum of AA in blood
samples with that of the target analyte standard. It was
possible to quantitatively evaluate the chromatographic
peak and at the same time to improve the qualitative
results. The limit was that in a single run only one or two
important amino acids could be set on the channel with
PICS; with more PICS channels a little sensitivity would be
lost. But the use of PICS proved essential to avoid false
positives when some amino acids interfered with a com-
plex matrix. An example of PICS application to a PKU
newborn is shown in Fig. 3.

Conclusion

The above results demonstrate that the method we have
established is reliable for the quantification of underiv-
atized AA in blood.

For example, the amino acids related with phenylke-
tonuria (PKU) and tyrosinemia (TYR I and II) could be
adequately detected with a 1 min run. The use of the PICS
function greatly reduces false positive results. With our
method sample preparation is simple and fast, the deriva-
tization step is omitted, and the expensive isotopically
labeled internal standard is replaced by N,N-dimethyl-L-
phenylalanine (N,N-Phe). The protocol could be effectively
applied on a routine basis to analyze a large number of
samples in newborn screening and patient monitoring.
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