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Abstract

Background: Phenylketonuria (PKU), inborn error of metabolism, results from phenylalanine hydroxylase deficiency.
PKU leads to neurological manifestations, intellectual disability, and mental disorders. Treatment depends on
phenylalanine-restricted diet.
Diagnosis and follow-up of PKU depends on blood phenylalanine level. The development of bacterial inhibition assay
was the first routine screening test for PKU. ELISA and amino acids analyzers methods were then developed.
Tandem mass spectrometry was introduced for newborn screening from dried blood spot in the late 1990s. Since then,
several methods were developed, starting from using HPLC column followed by direct injection in mass spectrometer
by analyte derivatization and use of external and internal standards. Kits are available for neonatal screening without
derivatization using internal standards for quantitation.
Due to high PKU incidence in Egypt, it is important to continuously ameliorate the methods for neonatal diagnosis and
follow-up.

Results: External standards as dried blood spots were prepared according to the previously described procedures. These
standards were evaluated for phenylalanine concentration using ELISA kit. Analysis of samples was done with a single-
step elution from dried blood spot followed by 1-min mass spectrometry analysis. Validation was done according to US
FDA and other related guidelines. Fifty samples were analyzed by ELISA and another 126 samples were analyzed by
mass spectrometer kit. All these samples were analyzed by the developed method and no statistically significant
difference was observed.

Conclusion: New simple method is developed for phenylalanine quantitation in dried blood spot using tandem mass
spectrometry. This method is cost and time effective.
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Background
Phenylketonuria (PKU) is an autosomal recessive inborn
error of metabolism results from deficiency of phenylalan-
ine hydroxylase, an enzyme that catalyzes the hydroxylation
of phenylalanine to tyrosine. Accumulation of phenylalan-
ine in blood can cross blood brain barrier leading to many
detrimental effects, including profound mental retardation,
seizures and autistic behavior [1]. The overall incidence of

PKU varies widely around the world, from as high as 1 in
2600 births in Turkey [2] and 1 in 3000 births in Egypt [3]
to fewer than 1 in 100,000 births in Japan [4]. Treatment
depends on effectively controlling blood phenylalanine
(phe) levels within therapeutic range (120 to 360 μmol/L),
which can be accomplished through dietary restriction of
phenylalanine along with intake of a phe-free amino acid
mixture (AAM), or “medical food” (MF), as the key protein
source [5].
Diagnosis and follow up of PKU depends on measure-

ment of phenylalanine in blood. The development of the
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first routine screening test for PKU in the early 1960s by
Robert Guthrie, based on semi-quantitative measurement
of Phenylalanine concentrations in blood spots by bacter-
ial inhibition assay [6]. Colorimetric methods were devel-
oped for dried blood spots and plasma [7–9]. Later on,
HPLC/UV or HPLC/fluorometry methods were developed
but they require complex derivatization procedures and
sophisticated sample preparation and the drawbacks of
HPLC column troubleshooting [10–12]. The most
frequently used method for the quantitative analysis of
physiological amino acids in body fluids is ion-exchange
chromatography with post-column derivatization amino
acid analyzer. Although it provides excellent separation
and reproducibility with minimal sample preparation, it
has the disadvantage of long run time [13]. Tandem mass
spectrometry was introduced for newborn screening from
dried blood spot in the late 1990s [14].
Since the introduction of tandem mass spectrometry for

neonatal screening, several methods were developed, ei-
ther by using HPLC column like ion-pairing reversed-
phase liquid chromatography coupled to mass spectrom-
etry [15] or UPLC tandem mass spectrometry [16], or by
direct injection in tandem mass spectrometer by analyte
derivatization and the use of both external and internal
standards. Commercial kits are available for neonatal
screening of amino acids and acylcarnitines with no deriv-
atization and using internal standards for quantitation
[13]. Moat et al stated that the development of ultra-
performance liquid chromatography (UPLC–MS/MS),
means that metabolic laboratories now have the capability
to routinely analyze DBS specimens with superior specifi-
city and sensitivity [17]
Due to the high incidence of PKU in Egypt and the

large number of neonates, it is logical to continuously
develop the analytical methods for neonatal screening
and follow up regarding to time and cost factors, i.e., a
method capable to analyze the largest number of sam-
ples with least time and cost. Accordingly, the study
aimed to develop a simple method with lowest cost and
time for the quantitative determination of phenylalanine
in dried blood spot using tandem mass spectrometer.

Methods
Preparation of external standards
A set of external standards were prepared according to
Elvers et al., 2007 [18]
Blood on heparin was obtained from a healthy donor.

Hematocrit was adjusted to 50% and divided into 6 por-
tions named A–F. These portions were enriched by
phenylalanine stock solution (0.1 mmol/ml in saline) to
prepare 6 different standard concentrations in the range
0–800 μmol/l according to Table 1. The portions were
homogenized on a roller bank for 5 h. Fifty microliters
from each standard was spotted on Schleicher & Schuell

903 filter paper and left to dry overnight at room
temperature and then the cards were packed in a dry
bag with silica gel and kept at − 20 °C.
Phenylalanine concentration in standard A (basal

blood) was determined using ELISA kit (Quantase neo-
natal phenylalanine screening, BioRad). The concentra-
tion of phenylalanine in the enriched blood was based
on the concentration in basal blood and the amount of
phenylalanine added to the blood.

Sample preparation
Three millimeters disc was punched from dried blood spot
of each standard and sample in a 96-well plate. Elution of
phenylalanine was done by the addition of 100 μl methanol
and incubation for 20 minutes on plate shaker set at 350
rpm. The elute was transferred to a new 96-well plate.

LC/MS/MS instrumentation and conditions
Mass spectrometer Waters Xevo TQD triple quadrupole
equipped with electrospray ionization source coupled to
Aquity UPLC system, Masslynx 4.1 software was used
for analysis. Ten microliters of elute was injected using
acetonitrile and deionized water in the ratio 1:1 as a mo-
bile phase. The gradient flow was adjusted as follows:
0.27 ml/min for 7.5 s, 0.02 ml/min for 37.5 s, 0.6 ml/min
for 6 s, and 0.27 ml/min for 9 s. The ion source was op-
erated in positive mode. Multiple reaction monitoring
mode was used with mass transition 165.98 > 120.22,
cone and collision energy were set at 18 and 12 V, re-
spectively. The mass transition is shown in Fig. 1, while
Fig. 2 shows a chromatogram of the standard A.

Method validation
Validation was done for the lower limit of quantitation
(LLOQ), linearity, accuracy, precision, and stability ac-
cording to US FDA and other related guidelines (Brazilian
Health Regulatory Agency and European Medicines
Agency) for the validation of a bioanalytical method [19].
Calibration linearity was evaluated with the six pre-

pared standards at six concentrations. The calibration
curve was constructed by plotting the peak area of
phenylalanine versus the nominal concentrations.
The LLOQ was defined as the lowest concentration

that resulted in a peak with a signal-to-noise ratio
greater than 10.
Three dried blood spot samples with three different

concentration of phenylalanine (low, medium, and high
concentrations) were analyzed in five replicates in the
same day to determine the intraday precision and accur-
acy. The same samples were analyzed on three succes-
sive days to determine the interday precision and
accuracy. Precision was evaluated as the percentage rela-
tive standard deviation (RSD), and accuracy was defined
as the deviation from nominal value (relative error, RE).

Gouda and Nazim Egyptian Journal of Medical Human Genetics           (2020) 21:56 Page 2 of 6



The stability was assessed with samples spiked at two
levels, low and high, under a variety of conditions: 7 days
at room temperature, a month at 4 °C.
To compare the efficiency of this method to currently

available methods, 50 samples were analyzed by both
ELISA and the developed method and 126 other samples
were analyzed by both the developed method and neo-
natal Chromsystem mass spectrometry kit for amino acids
and acylcarnitines. Samples were collected from PKU pa-
tients referred for follow up or neonates referred for neo-
natal screening. A signed written informed consent was
obtained after approval of the Medical Research Ethics
Committee of the National Research Centre. Results were
analyzed in GraphPad Prism 7. The Results obtained from
each of the three methods of phenylalanine quantitation
in dried blood spots were first tested to determine
whether they follow normal distribution using the D’Agos-
tino-Pearson omnibus normality test. Since none of the
tested datasets passed the normality test, correlation be-
tween each two of them was analyzed using the non-
parametric, Spearman correlation test. To assess the
agreement of the new method with the established
methods, Bland-Altman plot was used. Unless otherwise
specified, the results of the statistics were reported with
the corresponding 95% CI and P values.

Results
The phenylalanine concentration in the basal blood mea-
sured by ELISA from dried blood spot was determined to
be 0.94 mg/dl (56.9 μmol/l). The concentrations of the

other prepared standards were determined by addition of
the added amount to the basal blood concentration.

Standard A B C D E F

Concentration
mg/dl (μmol/
l)

0.94
(56.9)

1.76
(106.9)

2.59
(156.9)

4.66
(281.9)

7.54
(456.9)

14.15
(856.9)

Analysis of the standards set with the developed method
was done and a calibration curve was constructed and
shown in Fig. 3.
LLOQ was determined equals to 0.1 mg/dl with a

peak signal to noise ratio greater than 10.
The 3 samples (low, medium and high concentrations)

were analyzed for intraday and interday precision and
accuracy. The RSD of intraday precision was 7.5%, 6.9%,
and 18.6% while the RSD for interday precision was
12.5%, 7.2%, and 15.4% for low, medium, and high
concentration samples, respectively. The RE of intraday
accuracy was 8.1%, 14.5%, and 18.1%, while that of
interday accuracy was 3.2%, − 2.9%, and − 12.8 % for low,
medium, and high concentration samples, respectively.
After three freeze–thaw cycles, the concentrations of

phenylalanine in dried blood spot deviated by less than
± 15% from their nominal concentrations (4.7% for low
concentration and 5.9% for high concentration). The QC
samples at low and high levels were stable for up to 7
days at room temperature, and there were no significant

Table 1 Preparation of standards

Standard Blood [ml] Removed plasma (μl) Phenylalanine stock (μl) Saline (μl) Concentration–basal concentration (μmol/l)

A 20 580 0 580 0

B 20 580 10 570 50

C 20 580 20 560 100

D 20 580 45 535 225

E 20 580 80 500 400

F 20 580 160 420 800

Fig. 1 A mass spectrum of MRM transition of one of the prepared external standards
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differences in the responses after one month at 4 °C
with RE less than ± 15%.
Statistical analysis revealed a statistically significant

correlation between results of the 50 samples analyzed by
ELISA and the developed method (Spearman correlation
(r) = 0.76, CI = 0.59–0.87, P < 0.0001). Also a statistically
significant correlation was detected between results of the
126 samples analyzed by neonatal Chromsystem for
amino acids and acylcarnitines mass spectrometry kit and
the developed method (Spearman correlation (r) = 0.63,

CI = 0.51–0.72, P < 0.0001). The agreement between the
developed method and ELISA or neonatal was further
investigated using Bland-Altman plots (Figs. 4 and 5).

Discussion
Method development
The multiple reaction monitoring (MRM) transitions as
well as parameters, including collision energy, cone, and
capillary voltage were optimized by direct infusion to
obtain the highest sensitivity.
Elution was done using several eluents (deionized water,

acetonitrile, methanol, water and acetonitrile, water and
methanol) the best one that gives the highest sensitivity
was methanol. Water caused sample hemolysis which
increased the matrix effect and decreased sensitivity.
Due to the high selectivity of tandem mass spectrometry,

the application did not require the use of an HPLC
column. This enables a short run time (1 min) and avoids
the usual troubleshooting of HPLC columns. Gradient flow
rate was used to increase sensitivity.
Elution of amino acids and acylcarnitines was done by

methanol in previous studies. Applications of these studies
also did not include column, although derivatization of
amino acids was done [20, 21]. The derivatization step that
is excluded in this method consumes more effort, time, and
chemicals.
To avoid ion suppression effect and accurate

determination of phenylalanine, the external standards
were prepared in the form of dried blood spot to be the
same matrix effect and recovery.

Fig. 2 A chromatogram of the calibrator A showing the signal to noise ratio (S/N)

Fig. 3 Calibration curve for estimating phenylalanine concentration
in dried blood spots. The shaded area between the lower and upper
dotted lines represents the 95% CI of the curve, showing the
equation and coefficient of determination (r2). Slope and Y intercept
are reported as mean ± SE
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Method validation
According to linearity, the calibration curve was linear
with calibration regression coefficient (r) equals to 0.999.
Response was accurate at all points with RE ranges from
− 10.5 to 6.4.
From the results of the stability tests, it can be

concluded that the developed method is reliable and
robust within the analytical range.
The intraday and interday precision and accuracy of

the samples at the three concentration levels were
within the acceptable range, concluding the developed
method to be accurate and precise.
As mentioned, the developed method did not use

internal standard, and due to the difficulty in obtaining a

blood free from phenylalanine to be used as a blank
sample, it was not possible to perform the recovery and
matrix effect experiments [22]. This can be overcome by
comparison of the results obtained from this method to
previously established methods that are used in
diagnosis.
The results were compared to both ELISA technique using

(Quantase neonatal phenylalanine screening, Biorad) and
neonatal Chromsystem for amino acids and acylcarnitines
mass spectrometry kit. Moderate to strong correlation was
detected with Spearman correlation coefficient equals to 0.76
and 0.63 for the developed method compared to ELISA and
neonatal mass spectrometry kit respectively. Comparison of
phenylalanine values measured by the developed method to
both ELISA and neonatal methods demonstrated agreement.
However, when (ELISA + New Method)/2 is larger than 16
mg/dl, New Method is always higher than ELISA due to the
upper limit of quantitation by the ELISA kit is 16 mg/dl. This
means that the results are reliable and can be used for
diagnosis and follow-up of phenylketonuria.

Conclusions
In conclusion, a simple method is developed for
phenylalanine quantitation in dried blood spot using
tandem mass spectrometry. This method is cost
effective; no need for the expensive stable isotope
internal standard, and no HPLC column is used. It is
also time effective; simple one step sample elution
without any derivatization and 1-min whole run time on
mass spectrometry.
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