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a  b  s  t  r  a  c  t

The  interest  in  early  detection  strategies  for lysosomal  storage  disorders  (LSDs)  in newborns  and  high-risk
population  has  increased  in  the  last  years  due  to the  availability  of  novel  treatment  strategies  coupled
with  the  development  of  diagnostic  techniques.  We  report  the  development  of  a  short-incubation  mass
spectrometry-based  protocol  that  allows  the  detection  of  Gaucher,  Niemann-Pick  A/B,  Pompe,  Fabry
and  mucopolysaccharidosis  type  I disease  within  4 h  including  sample  preparation  from  dried  blood
spots.  Optimized  sample  handling  without  the need  of  time-consuming  offline  preparations,  such  as
liquid–liquid  and solid-phase  extraction,  allows  the simultaneous  quantification  of  five  lysosomal  enzyme
activities  using  a cassette  of substrates  and  deuterated  internal  standards.  Applying  incubation  times  of
3  h  revealed  in  intra-day  CV%  values  ranging  from  4% to 11%  for all five  enzyme  activities,  respectively.
ewborn screening
urbulent flow chromatography

In  a first  clinical  evaluation,  we tested  825  unaffected  newborns  and  16  patients  with  LSDs  using  a
multiplexed,  turbulent  flow  chromatography–ultra  high  performance  liquid  chromatography–tandem
mass  spectrometer  assay.  All  affected  patients  were  identified  accurately  and  could  be differentiated
from  non-affected  newborns.  In  comparison  to  previously  published  two-day  assays,  which  included  an
overnight  incubation,  this  protocol  enabled  the  detection  of lysosomal  enzyme  activities  from  sample  to
first result  within  half  a day.
. Introduction

Lysosomal storage disorders (LSDs) result in the accumulation
f macromolecular substrates that would normally be degraded
y enzymes involved in lysosomal metabolism. These diseases
ave a progressive course, and might occur at any age affecting

 number of different tissues and organ systems [1].  New impe-
us for the development of diagnostic techniques was acquired
y the availability of novel treatment strategies including enzyme

eplacement, stem cell transplantation and substrate reduction
2]. However, high throughput screening for LSDs is still a tech-
ological challenge due to laborious sample preparation and the
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need for additional resources. In addition to fluorescent meth-
ods using for example 4-methylumbelliferone, efforts have been
made to use tandem mass spectrometry (MS/MS) as the method
of choice particularly for high-throughput analysis in routine new-
born screening laboratories [3].  In this context it is mandatory to
achieve high laboratory standards in terms of technical proficiency
and reproducibility of results; hence quality control materials pro-
vided by the Newborn Screening Quality Assurance Program at the
Centers for Disease Control and Prevention (CDC, Atlanta, GA) are
available [4].

Protocols for analyzing lysosomal enzyme activities continu-
ously evolved. Procedures were refined and optimized, but the
complexity of sample preparation prior to mass spectrometry
still remains. Drawbacks of these protocols were the need of

liquid–liquid extraction (LLE), solid phase extraction (SPE), and the
handling with hazardous organic compounds such as ethyl acetate
[5,6]. Novel aspects such as online multi-dimensional chromatog-
raphy prior to flow injection analysis facilitate ease-of-use sample

dx.doi.org/10.1016/j.jchromb.2012.09.012
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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ntroduction and increased speed of analysis [5,6]. Our research
roup previously reported the use of turbulent flow chromatog-
aphy (TFC or TurboFlow®) for online sample clean-up to remove
atrix interferences such as salts, proteins and detergents for the

nalysis of lysosomal enzyme activities in DBS [7]. Subsequently,
urified analytes of interest that were removed from potential
atrix interferences were transferred from a TFC-column to an ana-

ytical column for ultra high performance liquid chromatography
UHPLC) separation prior to MS/MS  analysis in order to separate
nzymatic products from residual substrate. This simplified proto-
ol has recently been evaluated in a comprehensive pilot screening
f more than 8500 newborns to demonstrate the technical feasibil-
ty and robustness [8].

Nonetheless for future implementation of high-throughput LSD
ssays in routine clinical diagnostics, sample handling and mass
pectrometric analysis has to be simplified; specifically, sample
retreatment, speed of analysis and finally detection must become
ore integrated [9].  We  have recently introduced a multiplexed

FC–UHPLC–MS/MS based assay for simplified analysis of LSDs
7,8]. The aim of the study was to optimize this protocol in terms
f sample handling and workflow, and to reduce the previously
equired incubation times from 16–20 h to 3 h to provide rapid
ample analysis in a daily clinical laboratory.

. Experimental

.1. Chemicals and reagents

Substrates and internal standards were provided by the New-
orn Screening Translation Research Initiative, Centers for Disease
ontrol and Prevention, Atlanta, GA, USA. Deionized water (18 M�)
roduced by a Millipore Milli-Q Reference A+ System, HPLC-grade
cetonitrile, isopropanol, acetone were purchased by Merck Chem-
cals; all other reagents were purchased from Sigma–Aldrich Co.
LC, St. Louis, MO,  USA; Cyclone-PTM (0.5 mm × 50 mm)  TurboFlow-
olumns and Hypersil Gold C8 (1.9 �m,  50 mm × 2.1 mm)  columns
ere purchased from Thermo Fisher Scientific Inc., MA,  USA; and

6-well/F bottom microplates and deep well plates by Eppendorf
G, Hamburg, Germany.

.2. Preparation of the reagent cocktails

A modified previously used incubation system first published
y Li et al. was used for incubation [3]. In brief, the enzyme specific
ubstrates and associated internal standards were reconstituted
s follows: ABG cocktail; add 15.6 ml  of ABG buffer (0.715 mol/L
hosphate and 0.358 mol/L citrate buffer, pH 5.1) plus 2.4 ml  of

 120 g/L sodium taucholate solution/ASM cocktail; add 17.85 ml
f ASM buffer (0.930 mol/L sodium acetate and 0.604 mmol/L zinc
hloride, pH 5.7) and 0.15 ml  of a 120 g/L sodium taucholate
olution/GAA cocktail; add 1.8 ml  of a 100 g/L CHAPS, 15.9 ml
f GAA buffer (0.340 mol/L phosphate plus 0.170 mol/L citrate,
H 4.0) and 0.3 ml  of 0.8 mmol/L acarbose solution/GLA cocktail;
dd 14.67 ml  of GLA buffer (0.174 mol/L sodium acetate, pH 4.6),
.45 ml  of a 120 g/L sodium taucholate solution and 2.88 ml  of a

 mol/L N-acetylgalactosamine solution/IDUA cocktail; add 17.5 ml
f IDUA buffer (0.112 mol/L sodium formate, pH 3.6) and 0.5 ml  of

 3.0 mmol/L saccharolactone solution; GALC cocktail; add 1.8 ml
f a detergent solution (96 g/L sodium taucholate plus 1.6 g/L oleic
cid) and 16.2 ml  of GALC buffer (0.2 mol/L phosphate plus 0.1 mol/L

itrate, pH 4.4) to the corresponding vials containing substrates
nd internal standards. All buffers and detergent solutions were
repared with HPLC grade water. The total dilution volume was
8 ml.
togr. B 908 (2012) 9– 17

2.3. Optimization of sample preparation and workflow

For the detection of five lysosomal enzyme activities two
punches from a DBS card in two separate 96-well microplates
were needed (Fig. 1). Punch 1 was used for the determination
of enzyme activities of acid �-glucocerebrosidase (ABG; Gaucher
disease), acid sphingomyelinase (ASM; Niemann-Pick A/B dis-
ease), �-glucosidase (GAA; Pompe disease) and �-galactosidase
(GLA; Fabry disease), respectively. Punch 2 was used for �-l-
iduronidase (IDUA; mucopolysaccharidosis type I) analysis. The
first punch was diluted with 60 �L extraction buffer (20 mmol/L
sodium phosphate; pH 7.1) and the 96-well microplate was sealed
with silicon cover. For enzyme extraction the 96-well microplates
were centrifuged for 5 min  at 2000 × g at room temperature and
subsequently shaken for 15 min  at 37 ◦C at 750 rpm on a heated
orbital shaker.

Aliquots of 10 �L were used to perform separate incubations
for ABG, ASM, GAA and GLA in separate 96-well microplates with
specific aqueous cocktails containing a cassette of enzyme specific
substrates and internal standards. The second punch was directly
incubated by adding 30 �L specific IDUA cocktail and centrifuged
for 3 min  at 2000 × g at room temperature prior to incubation. Incu-
bation for all reactions was performed at 37 ◦C shaking at 250 rpm.
Aliquots of the reactions were stopped at 1 h, 3 h, 6 h and 20 h
by adding 100 �L stopping solution (80:20 acetonitrile:water plus
0.2% formic acid). The reaction mixtures of all five corresponding
reactions were transferred to one new deep-well plate, covered
with aluminum foil and subsequently centrifuged at 3000 × g for
15 min  prior to mass spectrometry analysis.

2.4. TFC–UHPLC–MS/MS analysis

The chromatographic separation was performed with a pre-
viously described online-sample clean-up TFC–UHPLC–MS/MS
method [7,8]. In short: A TranscendTM TLX-2 TFC–UHPLC system
with quaternary pumps was  used (Thermo Fisher Scientific). The
mobile phases were: A = 0.1% formic acid, 0.01% TFA in water,
B = 0.1% formic acid, 0.01% TFA in acetonitrile, and C = 45:45:10 iso-
propanol/acetonitrile/acetone. The sample injection volume was
10 �L. The Transcend system employs two TurboFlow® chro-
matography channels, each with two six-port valves configured
in focusing mode (recovered analytes from the TFC column were
transferred and focused on a subsequent UHPLC column for further
separation) [10]. Samples were separated from matrix components
during the loading step by TFC using a Cyclone-P column with
mobile phase A with a flow rate of 1.5 ml/min. After buffer-salts,
proteins and DBS residuals were rinsed away, the valves were
switched and the extracted analytes were back-flushed off the Tur-
boFlow column by the contents of a 200 �L eluting loop filled with
20:80 mobile phase A/mobile phase B and focused on a Hypersil
Gold C8 UHPLC-column. All analytes were separated using a linear
gradient from 0% to 100% B in 40 s with a flow rate of 0.7 ml/min [8].
The columns were then washed with buffer C and re-equilibrated
for the next injection. The system was  operated by AriaTM Soft-
ware V 1.6.3 (Thermo Fisher Scientific). The total run time for one
TurboFlow/UHPLC experiment including online sample clean-up,
transfer step, separation and re-equilibration was  4 min  per chan-
nel. MS/MS  data acquisition started 2.15 min after injection and
continued for 90 s until all analyte signals were recorded. MS/MS
analysis was  performed on a TSQ Quantum UltraTM (Thermo Fisher
Scientific) equipped with an HESI-II heated electrospray probe and
operated by XcaliburTM V 2.1.0.1139 (Thermo Fisher Scientific). The

MS settings for all compounds including selected reaction moni-
toring (SRMs) and electrospray parameters were used according
to Metz et al. [8]. The amount of product was  calculated from
the ion abundance ratio (peak area) of the product to internal
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Fig. 1. Optimized workflow for the analyses of up to five lysosom

tandard for a sample multiplied by the amount of added inter-
al standard, divided by the incubation time and the added blood
olume (∼3.1 �L per 3.2 mm DBS punch).

.5. Clinical evaluation

Three 3.2-mm (1/8-in.) punches from DBS of 16 known patients
ith LSDs and 825 single punches of non-affected newborns were

ested in parallel with a new modified DBS extraction and short
3 h) incubation protocol and compared to a previously published
rotocol with an overnight incubation of 20 h [8].

.6. Statistical analysis

All mass spectrometry data were analyzed with LCquanTM

.6.0.1128 (Thermo Fisher Scientific). We  used SPSS version 16.0
SPSS Inc., Chicago, IL, USA) for data analysis.

. Results and discussion

.1. Time-optimization of DBS extraction and incubation time

Compared to the protocol published by Li et al., Zhang et al. [3,5]
nd our previous published work the extraction time for DBS could
y shortened from 60 min  shaking at 750 rpm to a total time of
0 min  by adding a 5 min  centrifugation step prior to shaking for
5 min  at 750 rpm [10]. Using these optimizations, sample prepa-
ation time before incubation could be reduced to approximately
0 min  each (for up to 90 samples plus quality control materials)
ncluding preparation time. Incubation times of 1, 3, 6 and 20 h
ere tested. We  observed that the enzyme kinetics of ABG, ASM,
AA, and GLA were linear over time and revealed an intra CV%
etween 4% and 11% even after 3 h of incubation time (Table 1 and
yme activities simultaneously from dried blood spots within 4 h.

Fig. 2A–E). The GALC activity assay revealed MS  signals for low nor-
mal  enzyme activities after at least 16 h of incubation time (data not
shown). In comparison to our previously published protocol [10], an
additional DBS punch was  needed for the analysis of IDUA activity.
Representative data of the enzyme kinetics of GAA are displayed
in Fig. 2A, including different incubation times and their respec-
tive peak intensities of product versus product/internal-standard
ratios.

3.2. Method validation

We performed a first method validation using a
TFC–UHPLC–MS/MS assay to reduce incubation time for five
lysosomal enzymes. For selectivity, masses of the substrates of all
five LSDs were additionally analyzed by mass spectrometry using
SRMs. The separation between in-source fragmented substrates
and enzymatic derived products was evaluated. As shown in
Fig. 3A and B all product peaks were separated accurately from
peaks derived from in-source fragmentation.

For precision and accuracy, we measured all three levels of CDC
QC samples in 10 replicates on five different days. The reference
values for calculating accuracy have been determined by measuring
10 CDC QC DBS with the method previous described by Metz et al.
[8]. The results showed that the intra-day accuracy ranged from
82% to 125%, and the precision from 4% to 11%, respectively. Inter-
day accuracy was between 70% and 109%, and inter-day precision
between 7% and 20% (Table 1).

For recovery experiments, we  compared signal intensities (cps)
of 10 �L of stopped and precipitated QC samples (low, medium,

high) with and without the use of online extraction using a
Turboflow-column. Hereby sample material was injected directly
to the Hypersil Gold C8 UHPLC-column and subsequently 10 �L of
the same sample was  injected to the TFC-column prior to UHPLC
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Table 1
Intra-day and inter-day accuracy and precision of the short enzyme incubation assay of 5 lysosomal enzymes at 3 different levels measured by online sample clean up
TFC–UHPLC–MS/MS.

Analyte (level) aReference values (n = 10) (�mol/L/h) 3 h protocol values (n = 10) (�mol/L/h) Intra-day (n = 10) Inter-day (n = 50)

Mean Mean Accuracy (%) Precision (%) Accuracy (%) Precision (%)

ABG
QCL 1.12 1.40 125 7 106 16
QCM 7.32 6.89 94 9 99 11
QCH 13.58 13.86 102 10 106 8

ASM
QCL  0.21 0.18 93 10 104 20
QCM  1.63 1.59 99 8 81 14
QCH 3.42 3.41 100 8 89 8

GLA
QCL  0.58 0.49 84 11 81 17
QCM 4.90 5.54 113 6 109 7
QCH  11.60 13.36 115 8 101 10

GAA
QCL  0.88 0.90 102 9 100 10
QCM  7.00 7.31 104 5 105 5
QCH  13.98 15.25 109 4 101 8

IDUA
QCL 0.68  0.56 82 9 70 18
QCM 5.81 5.89 102 9 106 9
QCH 11.72  10.34 88 7 93 9

a Values are determined by measuring 10 spots of CDC Quality control DBS on 5 separate days: the reference values for calculating accuracy have been determined by
m , acid
g  contr
s

a
3

t

T
A

easuring 10 CDC QC DBS with the method previously published by Metz et al. ABG
alactosidase; IDUA, �-l-iduronidase; QCL, low, QCM, medium and QCH high quality
torage disorders.
nalysis. The results on recoveries for all compounds were between
3% and 111% (shown in detail in Table 2).

Carryover experiments have been carried out according to
he protocol of EP Evaluator® (EP Evaluator, Release 10, Data

able 2
ssessment of product and corresponding internal standards recovery of ABG, ASM, GLA,

Analyte Levela Mean peak area (n = 

Unextractedb

ABG P
(ABG IS)

QCL 4.53E104

(7.94E105)
QCM 1.78E105

(8.99E105)
QCH 3.44E105

(9.26E105)

ASM P
(ASM IS)

QCL 1.79E104

(7.17E106)
QCM 1.20E105

(6.90E106)
QCH 2.28E105

(8.09E106)

GLA P
(GLA IS)

QCL 2.71E104

(3.68E105)
QCM 1.08E105

(3.60E105)
QCH 2.40E105

(4.07E105)

GAA P
(GAA IS)

QCL 2.54E104

(6.12E105)
QCM 1.35E105

(7.44E105)
QCH 3.00E105

(8.3E105)

IDUA P
(IDUA IS)

QCL 9.59E103

(7.79E104)
QCM 5.36E104

(8.65E104)
QCH 1.25E105

(8.55E104)

a CDC QC samples incubated for 3 h prior to analysis.
b Directly injected to UHPLC-column.
c TFC online extraction prior to UHPLC analysis.
d Ratio (P/IS) of direct injection on UHPLC-column divided by the ratio (P/IS) derived by
 �-glucocerebrosidase; ASM, acid-sphingomyelinase; GAA, �-glucosidase; GLA, �-
ol material of the CDC Newborn screening quality assurance program for lysosomal
Innovations, LLC: VT, US). Five dried blood spots of CDC QCL fol-
lowing a QCL sample and 5 CDC QCL samples following a QCH
sample were measured by the novel protocol. Carryovers of prod-
ucts and internal standards were considered as acceptable when its

 GAA and IDUA using TFC–UHPLC–MS/MS.

10) Recoveryb (%) Ratio (P/IS) unextractedd

Extracted
reactionc

Ratio (P/IS) extracted

1.61E104

(2.64E105)
36
(33)

1.09

1.14E105

(5.18E105)
64
(58)

1.10

2.04E105

(5.20E105)
59
(57)

1.04

1.10E104

(4.66E106)
61
(65)

0.94

8.32E104

(5.04E106)
69
(73)

0.95

1.73E105

(5.90E106)
76
(73)

1.04

2.63E104

(3.60E105)
97
(98)

0.99

9.56E104

(3.34E105)
89
(93)

0.96

2.02E105

(3.45E105)
84
(85)

0.99

2.65E104

(6.77E105)
105
(111)

0.95

1.03E105

(5.92E105)
76
(80)

0.95

2.61E105

(7.67E105)
87
(92)

0.95

1.03E104

(7.76E104)
107
(100)

1.08

5.97E104

(9.62E104)
111
(110)

1.01

1.26E105

(8.96E104)
100
(105)

0.95

 samples injected to online extraction TFC-column prior to UHPLC analysis.
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Fig. 2. (A–E) Exemplary data including different incubation times and their respective peak intensities of product versus product to internal standard ratios for lysosomal
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nzyme activities.

nfluence on enzyme activities were lower than three times the
tandard deviation of a series of five QCL samples (Table 3).

.3. Stability

The DBS of known LSD patients were stored at −80 ◦C until anal-
sis. The storage time of samples was between two and 14 months.
he 825 control samples were analyzed in parallel to the NBS rou-
ine. For the evaluation of post-processing stability, triplicates of

hree patient samples (two Gaucher, one Fabry patient) and 10
BS DBS samples have been determined directly after stopping the

ncubation and after 24 h stored at room temperature. The signal
ntensities and overall product to internal standard ratio were in
the range of the assay variation after retesting at 24 h compared to
the results of the immediate analysis.

3.4. High-throughput analysis

The workflow of sample preparation for all five lysosomal stor-
age disorders was  optimized thus results were available within one
working day (Fig. 1). In summary, pre-sample treatment (approxi-

mately 30 min), short-incubation (3 h), preparation for MS-analysis
(approximately 20 min) and TFC–UHPLC–MS/MS (2 min  per sam-
ple), provided the first results within 4 h. Using this protocol, 90
samples including quality controls could be analyzed within 7 h.
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Fig. 3. Example chromatogram showing the separation

.5. Clinical evaluation

We analyzed a total of 16 known patients with LSDs (four
atients with Pompe, five with Gaucher, five with Fabry, one
ith Niemann-Pick A/B, and one with MPS  I disease) for clinical
valuation. We  compared the short-incubation with our previous
eveloped reference protocol (16–20 h incubation) [8].  In Table 4, a
etailed overview of all single enzyme activities using short versus
he long incubation time is displayed, and we did not observe any
 5 enzyme products to their corresponding substrates.

statistical difference between both protocols in this first clinical
setup. In addition, we  analyzed all five lysosomal enzyme activities
in 825 normal non-affected newborns (Table 5). All patients pre-
sented clinically with late onset phenotypes [1,11] except Pompe
Patient 3, Niemann Pick Patient I and MPS  I Patient 1 (Table 4). All

affected patients could be differentiated from normal newborns
in this first pilot study by using the 0.5th percentile of lysosomal
enzyme activities from normal newborns as a preliminary cut-off
value. Certainly, further studies with a larger number of newborns
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Table  3
Carryover of the short enzyme incubation assay of 5 lysosomal enzymes measured by TFC–UHPLC–MS/MS.

Analyte Mean (n = 5) (�mol/L/h) SD (�mol/L/h) Error limita (�mol/L/h) Carryover (�mol/L/h)

ABG
Low–low 1.43 0.18 0.55 0.26
High–low 1.70 0.17
High 13.86 1.36

ASM
Low–low 0.17 0.01 0.02 0.01
High–low 0.18 0.02
High 3.50 0.31

GLA
Low–low 1.08 0.11 0.33 0.22
High–low 1.3 0.07
High 11.10 0.69

GAA
Low–low 0.72 0.08 0.25 0.02
High–low 0.74 0.10
High 13.68 1.19

IDUA
Low–low 0.56 0.05 0.14 0.05
High–low 0.61 0.03
High 12.12 0.66

a Error-limit was  set to 3 times the standard deviation of low samples following a low sample (n = 5).

Table 4
Enzyme activities of affected patients according to their incubation time.

Storage time of DBS
at −80 ◦C before
analysis in months

Enzyme activity
20 h incubation
(�mol/L/h)

Enzyme activity 3 h
incubation
(�mol/L/h)

Patient statistics
20 h incubation
(�mol/L/h)

Patient statistics
3 h incubation
(�mol/L/h)

Gaucher Patient 1 4 1.2 1.5
Mean: 0.8
Std.: 0.4
Max: 1.2
Min: 0.2

Mean: 1.1
Std.: 0.4
Max: 1.5
Min: 0.5

Gaucher Patient 2 4 0.8 1.3
Gaucher Patient 3 6 0.9 1.1
Gaucher Patient 4 8 0.7 1.0
Gaucher Patient 5 5 0.2 0.5

Fabry Patient 1 (m)  2 0.3 0.5
Mean: 1.1
Std.: 0.9
Max: 2.2
Min: 0.3

Mean: 1.0
Std.: 0.8
Max: 1.9
Min: 0.4

Fabry  Patient 2 (m)  4 0.7 0.5
Fabry Patient 3 (m)  4 0.4 0.4
Fabry Patient 4 (f) 5 2.2 1.8
Fabry Patient 5 (f) 8 2.0 1.9

Pompe Patient 1 6 0.6 0.2 Mean: 0.5
Std.: 0.2
Max: 0.6
Min: 0.2

Mean: 0.4
Std.: 0.3
Max: 0.7
Min: 0.1

Pompe Patient 2 3 0.2 0.1
Pompe Patient 3 3 0.6 0.7
Pompe Patient 4 3 0.4 0.4

Niemann Pick A/B Patient 14 0.1 0.5 – –

m

a
c
c
p
p

T
E

A

Mucopolysaccharidosis type I Patient 2 0.1 

,  male; f, female.

nd also adults for cut-off determination are needed. We  con-
luded that this time saving protocol could be used for different

linical areas including selective metabolic screening for suspected
atients at risk in a hospital, as well as for newborn or high-risk
opulation screening.

able 5
nzymatic activities (�mol/L/h) of 825 neonates determined by 3-h incubation and TFC–

n = 825 ABG
n

ASM
n

Mean 19.6 4.4 

Percentile 0.5% 6.97 1.06 

Percentile 1.0% 7.99 1.12 

Percentile 25% 15.41 2.34 

Median 18.78 3.80 

Percentile 75% 23.06 5.67 

Percentile 99% 39.30 13.41 

Percentile 99.5% 41.49 13.73 

Min 5.19 1.06 

Max  44.02 21.34 

BG, acid �-glucocerebrosidase; ASM, acid-sphingomyelinase; GAA, �-glucosidase; GLA,
0.1 – –

3.6. Implication for early detection strategies for lysosomal
storage disorders
Currently, routine newborn screening for LSDs has been intro-
duced for Pompe disease in Taiwan [12] and for Krabbe disease in

UHPLC–MS/MS.

GAA
n

GLA
n

IDUA
n

18.6 6.4 12.4
5.63 2.60 3.27
6.90 2.68 3.87
13.55 4.35 9.21
17.17 5.52 11.73
22.49 7.38 14.77
43.52 18.88 27.18
50.31 22.24 31.12
4.75 2.54 2.67
69.25 60.02 62.72

 �-galactosidase; IDUA, �-l-iduronidase.
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he State of New York [13]. The Austrian Newborn Screening center
14] and others, e.g. in Washington State [15], have successfully
tarted pilot studies using multiplexed MS/MS  screening assays
16–18]. The aim of this study was to develop a mass spectrometry
ased protocol for the rapid and accurate detection of lysosomal
nzyme activities. Previously published protocols used 16–20 h
ncubation time [3,8,19]. We  report the simplification and opti-

ization of pre-analytical sample preparation to decrease the total
nalysis time to approximately 4 h.

Most metabolic screening laboratories do not have a seven-days
 week service. One drawback of previously published two-day
orking protocols for newborn screening or high-risk population

creening for LSDs is that the analysis cannot be performed in par-
llel to the routine NBS for amino acids and acylcarnitines. Early
iagnosis is of importance for e.g. infants suspected to infantile
ompe disease. In daily clinical routine, the use of this rapid and
eliable assay would also offer the opportunity to accelerate differ-
ntial diagnosis for juveniles and adults submitted to the hospital
ith symptoms similar to LSDs.

We  used TurboFlow technology for sample clean-up prior to
ow injection MS/MS  analysis. The proof of concept using this tech-
ology was published recently by our research group [7].  Moreover,

n a first comprehensive clinical evaluation we could demonstrate
hat the technology is robust and accurate to detect patients with
iminished lysosomal enzyme activity and to differentiate them
rom normal newborns [8]. We  took advantage of online sample
lean-up using multidimensional chromatography that eliminates
ime-consuming and laborious protocol steps such as LLE and SPE,
he use of toxic and volatile organic solvents such as ethyl acetate
3,19,20], and reduce the need for large amounts of consuma-
les. Benefits of using TFC were described in a large number of
aried analytical environments, drug discovery and pharmacoki-
etics, metabolite profiling, and clinical applications [10,21]. The
ombination of both a TFC-column and an analytical UHPLC col-
mn, improved the multiplexed enzymatic assay by eliminating

nterfering compounds and by separating enzymatic products from
esidual substrates. The accurate separation of product and resid-
al substrate is of importance because previously published LSD
ssays reported the potential interference of the enzyme product
ignal from excess substrate due to in-source fragmentation [5].
he higher resolving power of UHPLC, completely eliminates such
nterferences while keeping total analysis time to 2 min  per sample
nd facilitates the expansion of the screening panel.

However, one drawback of using MS/MS-based assays for LSDs
as the long enzyme incubation time of more than 16 h that

equired two-day protocols (with an overnight incubation). We
ptimized and adapted our previously published protocol and
odified the work-flow (Fig. 1). This allows the reduction of DBS

ncubation time with a cassette of substrates and deuterated inter-
al standards from 16 to 3 h. Sista et al. reported the use of a digital
icrofluidic platform to perform multiplexed enzymatic analysis

sing fluorescence with 4-methylumbelliferone within 2 h on a
mall set of samples. However, it was restricted to two  LSDs (Pompe
nd Fabry disease), and still needed evaluation [22]. Conventional
uorescence methods usually include incubation times of more
han three to 20 h depending on the respective lysosomal enzyme
nd sensitivity of the assay [23].

One limitation of the current protocol is the use of several buffer
ystems for different enzymes, and the requirement of a second
BS punch for IDUA due to loss of sensitivity, and poor separa-

ion of IDUA product and substrate. In addition, the lysosomal
nzyme activity for galactocerebrosidase (GALC; Krabbe disease)

as also reported to be very low [7,24],  and thus it was not pos-

ible to include this LSD in the current assay. However, novel
uffer systems for the combined incubation of more than 6 or 9
nzymes simultaneously are on the horizon including substrates

[

[

togr. B 908 (2012) 9– 17

for mucopolysaccharidosis type II, IVA and VI [25–28],  and were
presented recently by Gelb and his research group [29]. These new
buffer systems might allow the incubation of several enzymes in
one reaction vial, and help to reduce costs for personnel, consuma-
bles and reagents.

Our results using the short-incubation assay for Gaucher,
Niemann-Pick A/B, Pompe, Fabry and mucopolysaccharidosis type
I disease from DBS were in close agreement with previously pub-
lished standard incubation time (16–20 h) in our clinical reference
laboratory. The mean activities for ABG, ASM, GAA, GLA and IDUA
using short-incubation protocol with 3 h time were similar to those
obtained using 16–20 h incubation time. There was clear separation
between normal non-affected newborn samples and confirmed
affected samples for all five LSDs despite the much lower incubation
time.

4. Conclusion

In conclusion, we  successfully demonstrated and evaluated
the performance of a multiplexed mass spectrometry-based assay
to screen for Pompe, Fabry, Niemann-Pick A/B and Gaucher and
mucopolysaccharidosis type I diseases using a short-incubation of
3 h. After careful clinical and method validation and evaluation,
this protocol could be used for selective metabolic screening for
patients who  are suspected to LSDs, and for newborn and high-risk
population screening in future routine and research studies.
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