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blood spots: application to newborn screening and diagnosis
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of metabolism
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Purpose: To develop a multiplexed assay for the newborn
screening of lysosomal storage disorders and additional inborn
errors in a flexible, comprehensive, and affordable manner to keep
up with the expansion of the newborn screening panel.

Methods: Ultraperformance liquid chromatography–tandem mass
spectrometry (UPLC-MS/MS) was chosen as the detection platform
for its superiority compared to traditional flow-injection MS/MS.

Results: A high-throughput, 18-plex UPLC-MS/MS assay was
developed for screening purposes with a sample turnaround time of
2.7 minutes. The assay was consolidated such that only four dried
blood spot punches were required, and it displayed good precision
and reproducibility.

Conclusion: We report a highly multiplexed UPLC-MS/MS assay
that is appropriate for the newborn screening of 15 lysosomal
storage diseases and 3 additional inborn errors. It can be further
expanded to include additional conditions for which presympto-
matic diagnosis may facilitate optimum treatment outcome.
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INTRODUCTION
Every year, millions of newborns are screened for a panel of
genetic disorders that are best treated if therapy is initiated
prior to the onset of irreversible symptoms. Expansion of the
newborn screening panel is inevitable due to the rapid
development of innovative treatments for genetic diseases,
and there has been widespread discussion of how to expand
the panel in a flexible, comprehensive, and affordable manner.
It is clear that the biochemical methodology will be the main
way forward in the coming years, as genotyping-based
screening cannot be currently adopted as a first-tier screen
due to incomplete understanding of genotype/phenotype
correlations, especially for rare diseases of which variant
annotations are limited.
Tandem mass spectrometry (MS/MS) is by far the most

comprehensive technique for biochemical analysis for ana-
lytes in dried blood spots (DBS), including enzymatic
functions,1–5 biomarkers,6–9 and proteins of low abundance.10

Fluorometric assays, while useful for measuring some
enzymatic activities in DBS, have limited applications in
biomarker analysis. Immunoassays are useful for measuring
abundant proteins, yet fall short of detecting proteins of
extremely low concentration in DBS. They can also give rise

to false-negative errors in the case of properly folded, but
enzymatically inactive proteins.11

In newborn screening laboratories, the most common
platform for MS/MS analysis is flow-injection MS/MS, where
samples are introduced to the electrospray ionization (ESI)
source directly by a continuous solvent flow without
chromatography. Analytes are converted into ions in the
heated ESI source and analyzed by MS/MS. However, flow-
injection MS/MS analysis is inadequate to detect analytes of
low abundance and to accurately quantify analytes when
isobaric interferences are present. The alternative to flow-
injection MS/MS is liquid chromatography (LC) MS/MS,
where the in-line LC column provides additional analytical
separation. LC-MS/MS also offers improved sensitivity flow-
injection MS/MS as the column reduces ionization suppres-
sion effects and improves the signal-to-noise ratio for low
concentration biomarkers.
Over the past decade, our laboratory has developed multiple

MS/MS-compatible enzymatic substrates that are suitable for
high-throughput screening.1–4,12,13 These substrates
were strategically designed so that they are (1) highly enzyme
specific,3,12,14 (2) highly sensitive as they ionize well in the ESI
source and fragment through one major pathway in the gas
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phase,15,16 and (3) highly multiplexable through MS/MS. In
this study, we are also interested in biomarkers that
were reported to be useful disease indicators, including
C26:0-lysophosphotidylcholine (C26:0-LPC) for X-linked
adrenoleukodystrophy (X-ALD)17 and C16:0-sulfatide for
metachromatic leukodystrophy (MLD).8 Furthermore, lyso-
sphingomyelin (lyso-SM) for Niemann–Pick A/B disease and
lysoglobotriaosylceramide (lyso-Gb3) for Fabry disease may
be useful secondary biomarkers to resolve the false-positive
cases identified by the relevant enzymatic assays.18,19 These
biomarkers accumulate in DBS when the relevant proteins
are deficient.
Herein, we report a multiplex DBS assay for the detection of

18 genetic diseases using ultraperformance liquid chromato-
graphy MS/MS (UPLC-MS/MS). Treatments for these condi-
tions are either available or are being developed and evaluated
in ongoing clinical trials. We believe that LC-MS/MS is
continuously expandable to include additional disorders and
is the only platform that is capable of keeping up with the
expected expansion of newborn screening panels brought by
the rapid advancements in treatments.

MATERIALS AND METHODS
Materials
Whole blood from a healthy adult donor was collected in a
K2EDTA blood collection tube with consent. Lyso-SM, C26:0-
LPC, and lyso-Gb3 were purchased from Avanti Polar Lipids.
Stock solutions of lyso-SM and lyso-Gb3 were prepared in
methanol. Stock solution of C26:0-LPC was prepared in 2:1
(v:v) chloroform:methanol. Stock solutions of lyso-SM, C26:0-
LPC, and lyso-Gb3 were diluted 100-fold into the whole blood
for a final concentration of 500 nM, 500 nM, and 50 nM,

respectively. For example, 10 μL of 50 μΜ lyso-SM, 50 μΜ
C26:0-LPC, and 5 μΜ lyso-Gb3 each was added into 1 mL of
blood. The spiked blood was inverted 10 to 20 times to
distribute the biomarkers. DBS was prepared from the spiked
blood and was used as a positive control. Quality control DBS
(QC-Base pool, QC-Low, QQ-Med, and QC-High) for
lysosomal storage disorders were acquired from the Centers
for Disease Control and Prevention (CDC).
Isotope-labeled internal standards for lyso-SM and C26:0-

LPC were purchased from Avanti Polar Lipids. The synthesis
of the remaining substrates and internal standards have been
previously reported.2,8,12,13,16,20–22 The reagents for assaying
IDUA (mucopolysaccharidosis [MPS] I),16 GAA (Pompe),20

GLA (Fabry),20 GALC (Krabbe),20 ASM (Niemann–Pick
A/B),20 and GBA (Gaucher)20 were a generous gift from
PerkinElmer (NeoLSD MSMS Kit). The reagents for assaying
I2S (MPS II),16 NAGLU (MPS IIIB),2 GALNS (MPS IVA),2

ARSB (MPS VI),16 GUSB (MPS VII),2 PPT1 (CLN1),13 TPP1
(CLN2),2 LAL (Wolman),12 biotinidase (biotinidase defi-
ciency),21 and GALT (classic galactosemia)21 were synthesized
in our laboratory as described, as well as the isotope-labeled
C16:0-sulfatide8 and lyso-Gb3.22 Additional sources of the
reagents are listed in the Supplementary Information.

Methods
This study received University of Washington institutional
review board (IRB) approval. A detailed assay protocol is
provided in the Supplementary Information. In short, four
DBS punches and seven incubations/extractions were
required for the entire process. The first punch was used for
the NeoLSD MSMS Kit (PerkinElmer).20 The second punch
was for measuring biotinidase and GALT activity.21 The third

Table 1 Disorders and their relevant enzymes and biomarkers included in the 18-plex assay.

Disease Protein defect Biomarker

MPS I α-L-Iduronidase (IDUA)

Pompe Acid α-glucosidase (GAA)

Fabry α-Galactosidase A (GLA) Lyso-Gb3

Krabbe Galactocerebrosidase (GALC)

Gaucher β-Glucosidase (GBA)

Niemann–Pick type A and B Acid sphingomyelinase (ASM) Lyso-SM

Neuronal ceroid lipofuscinosis 2 (CLN2) Tripeptidyl peptidase 1 (TPP1)

MPS II Iduronate-2-sulfatase (I2S)

MPS IIIB α-N-Acetyl-glucosaminidase (NAGLU)

MPS IVA N- Acetylgalactosamine 6-sulfatase (GALNS)

MPS VI N-Acetylgalactosamine 4-sulfatase (ARSB)

MPS VII β-Glucuronidase (GUSB)

Neuronal ceroid lipofuscinosis 1 (CLN1) Palmitoyl protein thioesterase I (PPT1)

Wolman Lysosomal acid lipase (LAL)

Metachromatic leukodystrophy Arylsulfatase A (ARSA) C16:0-sulfatide

X-linked adrenoleukodystrophy ABCD1 C26:0-LPC

Classic galactosemia Galactose-1-phosphate uridylyltransferase (GALT)

Biotinidase deficiency Biotinidase
MPS mucopolysaccharidosis.
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punch was extracted with water, and the blood extract was
split three ways between assays for MPS II, IIIB, IVA, VI, VII,
and CLN2;2 Wolman disease;12 and CLN1.13 The fourth
punch was for biomarker analysis and was extracted with
methanol containing internal standards. The enzymatic assays
were quenched and combined together, followed by a
liquid–liquid extraction purification step. The purified sample
was combined with the methanol extract before analyzing by
multiple reaction monitoring (MRM) on a Xevo TQ mass
spectrometer coupled to an Acquity UPLC system (Waters
Corp.).

RESULTS
The 18 disorders targeted in this multiplex assay are listed
in Table 1 together with their relevant enzymes and/or
biomarkers. All conditions except X-ALD and MLD were
tested by measuring the activity of the relevant enzyme.
Classic galactosemia could be screened enzymatically in a
dual test manner, where the first-tier test was the traditional
quantitative Beutler assay (result ready on day 1), and the
second-tier test was the novel GALT-LgtC coupled assay
that are not affected by glucose-6-phosphate dehydrogenase
(G6PD) (result ready on day 2).21 X-ALD and MLD were
screened based on the abundance of the relevant biomar-
kers. For X-ALD, a functional assay of the relevant lipid
transporter was not feasible. For MLD, the thermal
instability of the relevant enzyme and the high frequency
of pseudodeficiency variants posed additional challenges for
enzymatic activity-based screening.23 Lyso-SM and lyso-
Gb3 were also included in the assay and could serve as
secondary disease indicators along with the enzymatic
activity tests.
Combining multiple assays into the same reaction mixture

minimizes the number of DBS punches needed as well as the
pre-MS/MS steps. LAL and PPT1 are strongly inhibited by
some blood components, therefore the assays for these
enzymes required a DBS extraction step to alleviate the

inhibition.12,13 The biotinidase and GALT assay needed a
separate punch as these two enzymes operate under near-
neutral pH and are inactive at acidic pH, which is the
optimum for the lysosomal enzymes.21 Nonetheless, we
envisioned that different assays could be combined together
after their individual incubation/extraction and subjected to a
single UPLC-MS/MS analysis to reduce instrumentation
burden.
Since DBS on newborn screening cards are a limited

resource, the assay was further consolidated to keep the
number of DBS punches required to minimum. As only a
small portion of the DBS extract is required for LAL and
PPT1 assays, we hypothesized that it was possible to assay
these two enzymes together with those for MPS II, IIIB,
IVA, VI, VII, and CLN2 by splitting the blood extract. The
enzymes from the DBS punch were extracted into water,
and a small portion of the extract was transferred out for
LAL and PPT1, while the rest of the extract and the punch
was used for MPS II, IIIB, IVA, VI, VII, and CLN2.
Although three separate incubations were performed, only
one instead of three DBS punches was needed. Since the
blood splitting approach diluted the substrate concentration
for the multiplex assay for MPS II, IIIB, IVA, VI, VII, and
CLN2, comparison studies between the whole punch
method and the splitting method were carried to test its
feasibility. As shown in Supplementary Fig. 1, TPP1,
NAGLU, and ARSB activities were not affected by the
blood extract splitting, indicating that the dilution of
enzymatic substrates had little impact on their enzyme
kinetics (saturating amounts of substrates are being used).
Intriguingly, I2S, GALNS, and GUSB activities increased by
20–100% with the splitting method, which we speculated to
be due to the dilution of some inhibitory blood components
during the process. Together, the data indicated that LAL
and PPT1 could be assayed together with MPS II, IIIB, IVA,
VI, VII, and CLN2 using one DBS punch without
compromising their performance.
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Fig. 1 Ultraperformance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) chromatogram of the 18-plex assay. The x-axis is
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Shown in Fig. 1 is the UPLC-MS/MS chromatogram of the
18-plex assay. Each substrate and product pair as well as
C26:0-LPC and its endogenous isobars were baseline resolved.
The charged stationary phase of the column allowed
separation between the sulfated substrate and the desulfated
product of I2S, GALNS, and ARSB without ion-pairing
reagents. Even though the heat-labile sulfated substrates
underwent partial thermal breakdown in the heated ESI
source and contributed significantly to their relevant product
signal, it was of no concern as they were completely separated
from their respective enzymatic products by chromatography.
Column carryover and autosampler carryover were assessed
and were negligible. The MRM channels were scheduled
based on the retention time of each analyte to improve the
duty cycle, though it was found that scanning 32 channels at

the same time with a 5-millisecond dwell time and
interchannel delay did not affect the signal significantly on
our platform (data not shown). Columns from different
batches were tested, with no significant difference found in
the peak height, peak shape, and retention time for each
analyte. Columns with high injection numbers displayed
slightly higher backpressure (about 500 psi) and about 20%
loss in peak height when compared with a new column, with
minimum shift in retention time. Nonetheless, chromato-
graphic variations introduced by columns had negligible
impact on the results, due to the use of chemically identical
but isotopically distinguished internal standards. The sample
injection-to-injection time of this 18-plex assay was 2.7
minutes, allowing more than 500 samples to be analyzed
per day per instrument.
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Kinetics and linearity studies as well as validations with
patient samples were previously conducted for each assay, and
were not repeated in the current study.1,2,12,13,20,21 There have
been reports detailing the variations of DBS-based analysis
introduced by hematocrit and sampling location.24,25 The bias
introduced by sampling location was investigated by compar-
ing the results obtained from ten center and ten peripheral
punches from DBS prepared from whole blood spiked with
biomarkers. As shown in Fig. 2, no statistically significant
difference was found for all the analytes, suggesting that the
chromatographic effect of the filter paper was negligible. The
reproducibility and precision of the assay was assessed by
analyzing QC-Low, QC-High, and spiked adult DBS in
pentaplicates over 5 days (Table 2). All 14 lysosomal enzymes
displayed good interday and intraday reproducibility at both
the low and high end. The QC DBS from CDC did not
constitute a positive control for the nonlysosomal enzymes
(GALT and biotinidase) and the biomarkers except for C16:0-
sulfatide, thus spiked adult DBS was included as positive
control for these disorders. Good reproducibility was found
for the GALT and biotinidase activity as well as for the
biomarkers with the spiked adult DBS (Table 2).

DISCUSSION
Flow-injection MS/MS was used as the detection platform for
our early assays for lysosomal storage disorders.1 Flow-
injection MS/MS works well for enzymatic assays for which
the substrates undergo minimal thermal breakdown to
enzymatic products in the ESI source. In-source conversion
of substrates to products is not an issue with LC-MS/MS since
the substrates can be chromatographically separated from
enzymatic products, and thus this technique is more generally
useful and most appropriate for highly multiplexed assays
such as the 18-plex reported in this study. Flow-injection MS/
MS is often problematic for detection of low-abundant
analytes in complex mixtures such as DBS due to the
presence of one or more isobaric species. LC-MS/MS usually
allows the analyte to be resolved on the column from isobaric
interferences. With flow-injection MS/MS, all of the material
extracted from DBS passes into the ESI source, resulting in the
need for routine ESI source cleaning. This is a particularly
important issue with newborn screening given the large
volume of samples being analyzed. A key advantage of LC-
MS/MS is that the vast majority of the mass of material in
DBS elutes from the LC column in the void volume and can
thus be diverted away from the ESI source with a valve. LC-
MS/MS is more sensitive than flow-injection MS/MS since
analytes suffer less ionization suppression due to matrix
effects.
Recently, our laboratory and other groups have started to

develop LC-MS/MS-based screening assays for newborn
screening.2,26,27 The addition of LC to the MS/MS workflow
does not significantly increase instrumentation complexity.
Flow-injection MS/MS requires a single solvent delivery
pump, whereas LC-MS/MS requires a second pump to allow
for solvent gradients. An LC column is inserted into the sameTa
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solvent line between the autosampler and the mass spectro-
meter as used in flow-injection MS/MS. All other components
of the system are virtually identical, and the cost of the LC
column is insignificant since one column can be used for
several thousand newborns. LC-MS/MS-based assays are
currently used in some newborn screening laboratories
including Illinois, Washington, and Taiwan.28–30 It has been
our experience in the Washington newborn screening
laboratory that LC-MS/MS requires less routine cleaning of
ESI source and internal mass spectrometer components (i.e.,
ion focusing lens, quadrupoles, and collision cells).
The assay reported here is highly multiplexed, with the

ability to screen for 18 disorders simultaneously in a high-
throughput manner. It is also highly robust as demonstrated
by the reproducibility study and the consistency with columns
from different batches and with different numbers of
injections. Moreover, this 18-plex assay is continuously
expandable for future addition of tests for new conditions,
as the gradient covers a wide range of analytes with various
hydrophobicity.
Most of our assays included a liquid–liquid extraction step

to remove water soluble salts and detergents from the sample.
However, it has been reported that LC-MS/MS-based
enzymatic assays were able to work robustly in high volume
laboratories without the liquid–liquid extraction as the salts
and detergents were diverted to waste.29 Nevertheless,
liquid–liquid extraction is still recommended in our multiplex
assay as it can be hard to insert waste diversion windows
when 18 analytes are eluting during most of the span of the
run. In this study, 12-channel manual pipettes were used for
all liquid transfers. Automation is possible for high volume
laboratories, and therefore the assay can be carried out by one
single laboratory worker.
Lyso-SM and lyso-Gb3 were included in our multiplexed

panel as potential secondary disease indicators for
Niemann–Pick A/B and Fabry disease, respectively. These
markers were extracted together with the sulfatide and
C26:0-LPC and were analyzed with the other analytes
without adding additional complexity to the assay. Use of
second-tier tests is often important for reducing the false-
positive rates of the primary tests, including psychosine for
Krabbe disease,31 the ratio of creatine/creatinine for Pompe
disease,32 and glycosaminoglycans for MPS I. Implementing
lyso-Gb3 as a secondary screening filter may also reduce the
false-negative rate of Fabry disease, a rare X-linked disorder
caused by the deficiency of the GLA enzyme. Due to
random X-chromosomal inactivation, female carriers can
have manifestation ranging from asymptomatic to as
severely affected as males.33 It was reported that the GLA
activity was normal or slightly decreased in at least 40% of
the carriers.33 On the contrary, lyso-Gb3 was reported to be
substantially elevated in symptomatic female carriers.33,34

Nevertheless, it remains to be proven if lyso-SM and lyso-
Gb3 are indeed good biomarkers for Niemann–Pick A/B
and Fabry disease, respectively. If so, by incorporating the
additional biomarkers into the panel as secondary screening

criteria, the screen-positive and screen-negative rates can be
reduced.
Psychosine is an excellent biomarker for following up

newborns with abnormally low GALC activities.35 However, it
is not included in the current assay as our method cannot
separate psychosine from its endogenous isobar, glucosyl-
sphingosine (lyso-Gb1), which may also be a good biomarker
for following up newborns with abnormal GBA activities.
Moreover, psychosine analysis in DBS requires a top-end
mass spectrometer, therefore a separate analysis may be more
appropriate for this assay.
Amino acid, acylcarnitine, and succinylacetone analyses in

DBS are crucial parts of newborn screening. Some laboratories
derivatize these analytes prior to flow-injection MS/MS
analysis.36 These derivatives, however, cannot be analyzed
on our multiplex platform as some of them are highly
hydrophilic and elute in the void volume. We are currently
working on new derivatization methods to be compatible with
the LC-MS/MS method described in this study. By incorpor-
ating the amino acid, acylcarnitine, and succinylacetone
analyses into our multiplex assay, instrumentation burden
can be further reduced.
Probably the most significant hurdle to adopt LC-MS/MS in

newborn screening laboratories is the sample turnaround
time. An injection-to-injection time below 2minutes is
usually preferred, especially in laboratories with extremely
high volume. Nonetheless, the increased turnaround time of
the LC-MS/MS-based assay is offset by the consolidation of
many individual assays into a single analysis, which are
currently analyzed separately. We feel that consolidation is
critical as newborn screening continues to expand due to the
increasing rate of development of new treatments including
gene therapies.
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