
Phenylketonuria (PKU) has been the first charac-

terized metabolic inborn disease. The main molec-

ular cause of the disease is a deficiency of

the phenylalanine hydroxylase (PAH) enzyme,

which converts phenylalanine (Phe) to tyrosine

(Scriver and Waters 1996; PAHbd). Therefore,

the serum level of Phe is increased dramatically.

In those patients, serum Phe through secondary

transamination metabolic pathways is converted

to phenylpyruvate, resulting in the accumulation

of this substance in blood and tissues (Krause et al.

1985). Excess phenylpyruvate in the blood early in

life impairs the normal development of the brain

and causes several forms of irreversible mental retar-

dation. If the disease is diagnosed soon after birth,

and the patients are put under a Phe-restricted diet,

the symptoms of the disease can be prevented (Faden

et al. 1982; Sarkissian et al. 1999).

Various methods, including the Guthrie bacte-

rial inhibition assay (GBIA), high-pressure liquid

chromatography (HPLC), and fluorimetric or en-

zymatic methods (as commercial kits), are avail-

able for measuring serum Phe level in PKU

screening studies (McCaman and Robins 1962;

Gerasimova et al. 1989; Madira et al. 1992;

Randell et al. 1996; Scriver 1998). Among those

methods, the GBIA is mainly used as the method

of choice in population screening because it is rel-
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atively rapid and inexpensive (Guthrie and Susi

1963; Rohr et al. 1996). However, as this method

only detects the presence, but not the exact con-

centration of Phe, usually a second method is re-

quired for quantitative measurement of Phe.

Furthermore, performing the GBIA takes at least

2 working days, and there are usually some false

positives due to the use of the beta-2- thio-

phenylalanine inhibitor in the method (Scriver

1998). Therefore, upon screening for PKU with

the GBIA, the level of serum Phe needs to be mea-

sured quantitatively in positive cases to confirm

the disease as well as to determine the type of

hyperphenylalaninemia (Kok et al. 1983). The lat-

ter is very important in terms of both molecular

analysis of the disease and the selection of the

method of therapy (Vallian et al. 2003). HPLC,

fluorimetric, and enzymatic assays are usually

used after GBIA for quantitative measurement of

Phe, which are excellent quantitative methods, but

are expensive and not affordable in most countries

for mass population screening (McCaman and

Robins 1962; Gerasimova et al. 1989; Madira

et al. 1992; Randell et al. 1996). Therefore, a sim-

ple, fast and cost-effective method is usually fa-

vored. In this study, we report a relatively fast and

inexpensive micro-assay for quantitative measure-

ment of Phe in dry blood-spots.

For the micro-assay we used a strain of Proteus

rettgeri, a gram-negative facultative anaerobic

bacterium producing Phe deaminase, from the

bacterial collection of the Department of Microbi-

ology, University of Isfahan, Iran. The culture me-

dium was prepared by mixing 1 L of distilled

water with 3 g of yeast extract, 5 g of NaCl, and 1 g

of Na2HPO4. Agar plates were made by addition of

1.5% of Bacto agar (Difco, Montana, USA) to the

culture medium before autoclaving. A volume of

100 mL of the FeCl3 reagent was made by dissolv-

ing 12 g FeCl3 (Sigma, St. Louis, USA) in 94.5 mL

in dH2O, and then 5.4 mL of 1M HCl was added to

the solution.
The bacteria were streaked out on the agar

plates containing the culture medium. The plates
were incubated at 37oC overnight to produce sin-
gle colonies. A single colony was inoculated into
2 mL of the culture medium, and incubated at
37oC and 150 g in a shaker incubator until

the absorbance (at � = 600 nm) reached 0.500.
The bacterial suspension was then used to assay
the blood-spot or whole blood Phe.

The blood samples were from patients partici-

pating in our PKU screening project (Vallian et al.

2003). Blood samples were collected as whole

blood in EDTA-treated hematocrit micro-tubes

and onto filter paper (Wattman #3). The whole

blood samples collected in hematocrit micro-tubes

were directly used for analyzing Phe concentration

(see below). Blood-spot samples on filter papers

dried for at least 24 hours. The filter papers were

then baked at 115oC for 3 min to denature proteins.

One day prior to measurement of Phe in the sam-

ples, 8-mm discs were punched from each

blood-spot and each disc was fixed by briefly dip-

ping it into methanol.

Analysis of serum Phe was performed on

whole blood samples and blood-spot discs.

Each methanol-fixed disc (see above) was soaked

in 200 �L of double-distilled water for 10 min in

a micro-tube by constant shaking at 150 g on

a Termomixer (Eppendorf Co, Hamburg, Ger-

many). To each tube, 200 �L of the fresh culture

medium and 10 �L of bacterial suspension were

added, and the tubes were incubated at 37oC for

610 hours. After the incubation period, the tube

content was centrifuged at 3000 g for 3 min to sed-

iment the filter paper and the bacterial cells. Then,

100 �L of the clear supernatant were transferred to

a new micro-tube containing 15 �L of the FeCl3

reagent. The tube content was briefly mixed by

flicking and incubated for 2 min at room tempera-

ture. The developed greenish blue color was mea-

sured by a spectrophotometer at � = 630 nm.

Working standard solutions containing 30, 60,

180, 300, 600, 1200, and 1800 µmol L–1 Phe were

prepared immediately before the assay by diluting

a stock solution of 3600 µmol L–1 Phe (Sigma,

St. Louis, USA). The values for these standards

were multiplied by the concentration factor of 2.5,

which was determined experimentally from the re-

covery of Phe from blood-spot discs containing

known amounts of Phe. The concentration of Phe

added to blood samples was plotted as a function

of the concentration of Phe by the micro-assay in

the eluate from the respective dried blood filter pa-

per discs (Qu et al. 1991; Cook et al. 1995).

The corrected standard values correspond to 75,

150, 450, 750, 1500, 3000 and 4500 µmol L–1, re-

spectively, in a whole blood sample.

The precision of the assay was determined by

analysis of intra- and inter-assay variations. Be-

tween assay variation was determined by using 15

replicates of samples with 65 µmol L–1 and

670 µmol L–1 of Phe. The within assay variation

study involved analysis of the above samples in 20

different assays. The detection limit of the assay

was determined by diluting up to 20-fold the

eluate of blood-spot discs, containing approxi-

mately 93 µmol L–1 Phe, and determining the con-
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centration of Phe at which the absorbance signal in

the assay became significantly different from

the signal generated by a blank (by Student’s t-test

P < 0.05, n = 4).

Student’s t-test was used for statistical compar-

ison between the new micro-assay and the GBIA

and HPLC methods. A regression line was plotted

for the data from all 3 methods using the SPSS

10.0.5 software (SPSS Inc., Illinois, USA).

In this study a new rapid micro-assay (called

a micro-assay afterward) for quantitative mea-

surement of Phe in dry blood-spots was intro-

duced. The linearity, precision and sensitivity of

the micro-assay were analyzed, and the data were

compared with those obtained with GBIA

and HPLC methods (Guthrie and Susi 1963; Kok

et al. 1983; Hannelius et al. 2005). The linearity of

the micro-assay was determined as described

above. Analysis of the standard curve for a Phe

range of 120–1800 µmol L–1 showed a nearly lin-

ear curve (Figure 1), which confirms the linearity

of the micro-assay in this range. Since the normal

concentration of serum Phe is 120–240 µmol L–1,

and concentrations equal to or above 1200 µmol L–1

are considered as the classic form of PKU, the mi-

cro-assay is capable of measuring normal and abnor-

mal concentrations of serum Phe in blood samples

(Hilton 1982).

Table 1 presents the precision data for the mi-

cro-assay of Phe. The precision data from the pres-

ent study are comparable with previous studies of

enzymatic methods. For instance, a previous study

described a blood-spot enzymatic method, using

Phe dehydrogenase, as a neonatal screening test

for PKU that was both accurate and precise,
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Figure 1. Standard curve for serum phenylalanine (Phe)

quantitation, based on spectrophotometric measurements

at � = 600 nm

Table 1. Analysis of precision for the new micro-assay

of serum phenylalanine (Phe)

No. of
samples

Mean se-
rum Phe

(µmol L–1)

SD
(µmol
L–1)

CV
(%)

Within assay

Between assay

15
15
15
15

65
670
65
670

7.1
41
14
43

7.8
6.1
12
5.9

SD = standard deviation; CV = coefficient of variation

Table 2. Comparison of results of the new micro-assay with results of high-pressure liquid chromatography

(HPLC) and Guthrie bacterial inhibition assay (GBIA) of serum phenylalanine (Phe)

Sample
No.

Serum Phe (µmol L–1)

Sample
No.

Serum Phe (µmol L–1)

GBIA
Micro-
assay

HPLC
GBIA Micro-

assay
HPLC

1st round 2nd round 1st round 2nd round

1

2

3

4

5
a6

7

8

9

10

11

12
b13

14

15

16

17

>1200

>1200

960–1200

720–960

1200

720–960

>1200

>1200

1200

>1200

>1200

>1200

240–480

1200

>1200

1200

>1200

>1200

>1200

960

720–960

1200

720–960

>1200

>1200

1200

>1200

>1200

>1200

960–1200

1200

>1200

1200

>1200

1411.2

1581

828

675

1338.6

487.2

1734

1884

1146

1455

1422

1200

1002

1020

1110

1206

1560

1380

1542

792

660

1356

480.6

1620

1854

11.34

1506

1440

1206

1023

1038

1080

1224

1362

18
c19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

1200

960–1200

1200

1200

1200

1200

>1200

1200

1200

>1200

>1200

960–1200

960–1200

>1200

960–1200

>1200

960–1200

1200

480

>1200

1200

>1200

>1200

>1200

1200

960–1200

>1200

>1200

1200

960–1200

>1200

960–1200

>1200

960–1200

1248

270

1290

1338

1473

1344

1624.2

960

1218

1308

1170

1128

888

1608

1179

1422

1260

1206

239.4

1299

1313.4

1467

1350

1687.8

946.2

1200

1254

1145.4

1155

839.4

1560

1104

1404

1273.8

a Positive by GBIA and negative by micro-assay. b False negative result in 1st round of GBIA. c False positive result in 1st round of GBIA.



and automated on the Cobas-Bio (Dooley 1992;

Phenylketon 2000). According to that study,

the inter-assay percent coefficient of variation

(CV%) was 15.5% at approximately 110 µmol L–1

Phe and the intra-assay CV at 812 µmol L–1 Phe

was 9.5%. Therefore, the micro-assay introduced

in the present study is capable of measuring a rela-

tively wide spectrum of possible concentrations of

blood Phe from normal to grossly elevated ones

with acceptable accuracy and precision.

In this study, 34 blood samples from patients

positive for PKU were used (Vallian et al. 2003).

Both GBIA and HPLC and the new micro-assay

method were applied to measure the level of Phe in

the samples. As shown in Table 2, all methods pro-

duced comparable results. Using the micro-assay,

it is possible to determine the exact concentration

of Phe in the samples, and thus to classify the pa-

tients as suffering from classic, moderate or mild

PKU (Scriver and Waters 1996). However,

the GBIA method can only distinguish affected

patients from normal, and is unable to quantify

Phe concentration (Guthrie and Susi 1963; Madira

et al. 1992). Therefore, the exact concentration of

Phe is usually determined by a second quantitative

method (Holmgren 1976; Lee 1993).

The micro-assay was next applied in a screen-

ing study of 611 blood samples from residents of

institutions for the mentally retarded (Vallian et al.

2003). The data are summarized in Table 3. Anal-

ysis of the measurement of serum Phe in the sam-

ples by using HPLC resulted in comparable data

and no significant difference was observed

(P < 0.05). This comparison demonstrated the high

precession of the assay. Quantitative analysis of

Phe allowed classification of PKU patients, indi-

cating among them 65.6% with the classic, 31.2%

with the moderate, and 3.1% with the mild type of

PKU.

Using the micro-assay, no false positive result

(i.e. a known normal serum Phe level detected

wrongly as an abnormal level) and no false nega-

tive result (i.e. a known abnormal serum Phe level

detected as a normal one) were observed as com-

pared with the HPLC method. By contrast, a draw-

back of the GBIA method is the possibility of false

positive results, which are due to the qualitative

nature of the method (Guthrie and Susi 1963;

Scriver 1998).

Adoption of new laboratory technologies should

be based upon benefits to the screened population,

improvements in sensitivity and specificity of test-

ing, and cost effectiveness. Instrumentation that

quantitatively measures Phe and tyrosine concentra-

tions is beneficial in the early identification of PKU,

while reducing the incidence of false positive re-

sults. Any new laboratory technology must be

thoroughly evaluated and carefully implemented

to avoid temporary or long-term negative effects

on established screening programs (Hannelius

et al. 2005).

Tandem mass spectrometry (MS/MS) is a pow-

erful and extremely sensitive testing tool, with

the ability to use one test for many disorders.

MS/MS can identify approximately 30 different

conditions from 12 heelsticks performed within

24 hours of birth, and reduces the rate of false posi-

tive results seen with traditional testing methodol-

ogies from about 1.5 to about 0.26%. However,

the equipment is costly and highly specialized

training is required to read test results

(Autti-Ramo et al. 2005).

In conclusion, the micro-assay reported in this

study provides a fast, simple, cost-effective

and quantitative assay for Phe measurement in se-

rum and blood-spots, which is suitable for PKU

screening. The method is amenable to automation

as well. The cost per sample is about 20–50 US

cents, which is much less than in the case of HPLC

and enzymatic commercial kits. Therefore, the as-

say is suitable for application in mass population

screening programs for the PKU disease, espe-

cially in developing countries in which the finan-

cial resources are a limiting factor.
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Table 3. Classification of phenylketonuria (PKU)

in screened patients by using the new micro-assay

Serum Phe
(µmol L–1)

Number
of samples

Type of hyperphenyl-
alaninemia

60–240
480–600

600–720
720–1200
1200–1800
>1800

577
2

1
10
20
1

normal
non-PKU
hyperphenylalaninemia
mild PKU
moderate PKU
classic PKU
classic PKU
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