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a  b  s  t  r  a  c  t

New  treatment  options  and  improved  strategies  for  Lysosomal  Storage  Disorders  (LSDs)  diagnosis  on
dried  blood  spot  (DBS)  have  led  to the  development  of several  pilot  newborn  screening  programs.

Building  on  a previously  published  protocol,  we  devised  a new  6-plex  assay  based  on a  single  DBS  punch
incubated  into  a buffer  containing  a combination  of  substrates  (GAA,  GLA,  ASM,  GALC,  ABG and  IDUA).
This  new  protocol  incorporates  a new  trapping  and  clean-up  procedure  using  perfusion  chromatography
connected  on-line  with  an  analytical  column  for  analyte  separation,  after  enzymatic  reaction.  Results  are
available after  4.5 min.

Several  incubation  times  were  tested  in order  to  reduce  sample  preparation  times  and  to  improve
accuracy  and  reproducibility,  also regarding  the  quenching  of the  reaction  within  the  time  window  of
ass spectrometry linear  product  accumulation.  The  collected  data  demonstrate  that  an incubation  time  of  4  h is  enough  to
achieve  good  reaction  efficiency  without  any  impact  on  sensitivity.

The method  proved  versatile  and  robust  for various  instrument  configurations.  The  fast  sample  prepara-
tion  and  running  times  allow  a  high  sample  throughput;  an advantage  in newborn  screening  procedures.
This  method  can  also  be used  for diagnostic  purposes,  allowing  a rapid  diagnosis  in a  few  hours.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction
Lysosomal Storage Disorders (LSDs) are a group of more than 50
iseases sharing an impairment of lysosomal function. Over recent
ears, many of these conditions, which can be more successfully

Abbreviations: ABG, ß-Glucocerebrosidase; ASM, Acid sphingomyelinase; CDC,
entre for Disease Control and Prevention; CV, Coefficient of variation; DBS,
ried Blood Spot; DL, Desolvation Line; ESI, Electrospray ionization; GAA, Acid
-glucosidase; GALC, Galactocerebrosidase; GLA, �-galactosidase A; HPLC, High
erformance Liquid Chromatography; IDUA, �-L-iduronidase; IS, Internal standard;
C–MS/MS, Tandem mass spectrometry coupled with liquid chromatography; LSDs,
ysosomal Storage Disorders; MPS-I, Mucopolysaccharidosis-I; MRMMultiple, reac-
ion  monitoring; P, Product; Q1, First Quadrupole; Q3, Third Quadrupole; QC, Quality
ontrol; RF, Response Factor; S, Substrate.
∗ Corresponding author at: Department of Experimental and Clinical Biomed-

cal  Sciences, University of Florence, Newborn Screening, Clinical Chemistry and
harmacology Lab, Meyer Children’s Hospital, viale Pieraccini 24, Florence, Italy.

E-mail address: giancarlo.lamarca@meyer.it (G. la Marca).
1 These authors contributed equally to this work.

ttps://doi.org/10.1016/j.jpba.2018.12.002
731-7085/© 2018 Elsevier B.V. All rights reserved.
treated if diagnosed early, have been added to newborn screening
panels as pilot projects [1–3].

Since 2001, approaches for identifying LSD patients have been
developed in research settings. Chamoles and colleagues described
a fluorometric assay for diagnosing LSDs based on the use of
dried blood spots (DBS) [4–7]. Subsequently, Gelb and colleagues
provided appropriate substrates and isotopically-labelled internal
standards for performing multiple enzymatic assays by LC–MS/MS
on DBS [8]. Currently, LC–MS/MS is the most commonly used tech-
nique for identifying LSDs during the neonatal period before clinical
symptoms appear [2,3,9].

In 2009, there was a significant breakthrough when a specific LC
configuration was  devised [10] for skipping the purification steps
that were required before instrumental measurement in the orig-
inal protocol. This configuration led to a more routine application

of the method as the relatively short analytical measurement time
(around 4 min, injection-to-injection), meant that it was  possible to
achieve higher sample throughputs. Moreover, the protocol relied
on a single high-pressure binary LC pump and switching valve,

https://doi.org/10.1016/j.jpba.2018.12.002
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2018.12.002&domain=pdf
mailto:giancarlo.lamarca@meyer.it
https://doi.org/10.1016/j.jpba.2018.12.002
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aking the hardware configuration easily affordable for any New-
orn Screening Center.

Since this time, Mucopolysaccharidosis type I (MPS-I) [�-L-
duronidase (IDUA) deficiency] has also been included in screening
rotocols, alongside the five classical disorders, Pompe [acid
-glucosidase (GAA) deficiency], Fabry [acid �-galactosidase A

GLA) deficiency], Niemann-Pick [acid sphingomyelinase (ASM)
eficiency], Krabbe [galactocerebrosidase (GALC) deficiency] and
aucher [acid ß-glucocerebrosidase (ABG) deficiency] [11]. This
as possible thanks to some modifications on the chromatographic

un which made the related IDUA IS and IDUA enzymatic product
easurable.

Many protocols for lysosomal enzyme activation and measure-
ent have been developed to allow the simultaneous detection of

everal enzymes on one or two DBS punches [12–15].
To ensure complete substrate digestion all the previously

escribed protocols require long incubation times (at least
6–22 hours). However, this study demonstrates that more accu-
ate product quantification could be achieved when the enzymatic
eaction is still in its linearity window where product formation
ield is directly proportional to incubation time.

Shortening incubation times makes large scale newborn screen-
ng more affordable and considerably reduces times for recall,
iagnosis and therapeutic intervention in the case of severe neona-
al onset forms for which very early treatment contributes to better
utcomes [16].

. Material and methods

.1. Chemicals and reagents

Substrate-Internal standard mixtures were obtained from the
entre for Disease Control and Prevention (CDC, Atlanta, Georgia).

Methanol, Isopropanol (LC–MS grade) and Formic acid (purity
8–100%) were purchased from Sigma-Aldrich (Riedel de Haën,
ermany). Acetonitrile (LC–MS grade) and water (LC–MS grade)
ere procured from Biosolve Chemicals, (Valkensward, The
etherlands). In vitro diagnostic Whatman 903® grade blood spot

ards were purchased from Whatman (Dassel, Germany). All the
hemicals and reagents were used as commercially supplied with-
ut further purification.

.2. Assay cocktail preparation

Each vial containing substrate-IS mixture was  dissolved in
ethanol following the protocol developed by Spacil et al. [12]. A

 mL  aliquot from each vial was mixed together, dried under nitro-
en flow and hydrated in 10 mL  of 6-plex reaction buffer, prepared
ccording to the procedure reported by Elliott et al. [17].

.3. Sample preparation

A 3.2 mm diameter disc, equivalent to approximately 3.4 �L and
.8 �L of whole blood for newborns and adults respectively, was
unched out directly into a 96-well plate. Samples were extracted
nd incubated in 30 �L of cocktail buffer at 37 ◦C; different incuba-
ion times up to 12 h were tested. Four samples were prepared and
nalysed at each time point (2, 4, 6, 8, 10 and 12 h). After incuba-
ion, enzymatic reactions were quenched by 250 �L of methanol
 0.1% formic acid and the plate was centrifuged at 2500 g for
 min. The supernatant was transferred to a new 96-well plate and

 2 �L sample was injected into the LC–MS/MS system through the
utosampler kept at 8 ◦C.
d Biomedical Analysis 165 (2019) 135–140

2.4. Mass spectrometry and HPLC parameters

All measurements were performed using an LCMS-8050 Triple-
Quad Mass Spectrometer (Shimadzu, Japan) equipped with an ESI
source and working in MRM  mode. System control and data anal-
ysis were performed by LabSolutions software, version 5.65. MRM
transitions for each compound were optimized by flow injection
and are listed in Supplementary Information (Table S1).

Other operating parameters were as follows: Nebulizing Gas
Flow of 3.0 L/min; Heating Gas Flow of 5.0 L/min; Interface Temper-
ature of 100 ◦C; DL Temperature of 100 ◦C; Heat Block Temperature
of 100 ◦C; Drying Flow of 15 L/min.

The HPLC system (Shimadzu, Japan) consisted of a Degassing
Unit DGU-20A5R, controller CBM-20 A, two  pump modules Nexera
X2 LC-30AD, autosampler Nexera X2 SIL-30AC and column oven
CTO-20AC equipped with a six-port valve. The LC modules were
plumbed as shown in Fig. 1.

Trapping and elution procedures were performed, as a modifica-
tion of the described protocol [12] with a perfusion column POROS
R1/20 2 × 30 mm (Applied Biosystems, FosterCity, CA, USA). For the
chromatographic elution different columns were tested, including
a Synergi Fusion RP-80 2 × 50 mm,  4 �m (Phenomenex, Torrance
USA), a ShimPack XR-ODS column 2 × 50 mm,  2.2 �m (Shimadzu,
Japan), and a Zorbax SB-CN 2,1 × 50 mm,  5 �m (Agilent, Italy). The
Zorbax SB-CN was chosen for routine use. The temperature of the
column oven was set at 45 ◦C.

Pump A module was  fed by an aqueous solution of 0.05% formic
acid containing 10 mmol/L of ammonium formate while pump B
module was  fed by a mixture of acetonitrile-methanol-isopropanol
(50:25:25, v/v/v) containing formic acid at 0.1%.

The entire workflow was  programmed in three steps managed
by the switching valve: sample loading and clean-up (1 min); ana-
lyte elution (2.5 min); for the final columns reconditioning (1 min)
(Table 1).

In the first step, the injected sample is moved to the trapping col-
umn  with 1.6 mL/min of eluent A for the cleanup. After 1 min, the
valve is switched, and both the eluents A and B flows are merged
for providing, after a 0.5 min-delay at 0%, a gradient of 50% eluent
B moving to 100% in 2.0 min  at a total flow rate of 400 �L/min over
the trapping and eluting columns now connected in series. With the
analytes moved from the trapping column to the elution column,
the valve is switched back to disconnect the two pumps and enable
both the completion of chromatographic separation of the analytes
with the full solvent B at 400 �L/min over the chromatographic col-
umn, and the simultaneous reconditioning of the trapping column
for the following injection. This last step lasts 1 min  for a total run
of 4.5 min.

2.5. Calculation of enzyme activity

Enzyme activity was reported as �mol/L/h and calculated by
using the following formula:

Enzymeactivity = RF×(Pa/ISa)x([ISc]xVa/Vdbs)/4 h

Va = Assay cocktail volume = 30 �L
Pa = Peak area Product
ISa = Peak area Internal Standard
ISc = Internal Standard concentration
RF = Response Factor: ratio between the Internal Standard
response and the Product response.
Vdbs = 3.4 or 2.8 �L of whole blood contained into a 3.2 mm

punch for newborn and adults, respectively
4h = incubation time
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Fig. 1. Layout of the new plumbing. Position of depicted valve is A.

Table 1
LC parameters.

Step Valve Position Time Pumps Total Flow % B Pump A Flow Pump B Flow

1 A 0.0 min  Disconnected 1.6 mL/min 0.4 mL/min
2  B 1.0 min  Connected 0.4 mL/min 0

1.5  min  50
3.5  min

3  A 3.5 min  Disconnected 

End  4.5 min

Table 2
Reference value of LSD enzyme activity in newborn and adult population.

CUT OFF (�mol/L/h)

ENZYME NEWBORN
(n = 1000)

ADULTS
(n = 200)

Galactocerebrosidase (GALC) ≥ 0.4 ≥ 0.4
�-Glucosidase (GAA) ≥ 6.0 ≥ 6.7
�  -L-Iduronidase (IDUA) ≥ 3.4 ≥ 6.6
�  -Galactosidase (GLA) ≥ 1.9 ≥ 2.2
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DBS from healthy newborns and adults were analysed for cut-
ß-Glucocerebrosidase (ABG) ≥ 2.9 ≥ 2.9
Sphingomyelinase (ASM) ≥ 2.6 ≥ 2.7

.6. Interday and intraday variability

Imprecision was determined in six replicates of four CDC control
amples on the same day (intra-day imprecision) and duplicates
or 5 times over a period of one week (inter-day imprecision). The
mprecisions of the assay were expressed as a percentage coeffi-
ient of variation (CV%).

.7. Cutoff determination

Reference values for the six lysosomal enzymes were deter-
ined both for newborn and adults by processing DBS of 1000

andomly chosen newborns and 200 adults. Quality controls pro-
ided by CDC and true positive samples were analysed to test the
erformance of the method and its ability to distinguish healthy
ndividuals from affected individuals.
The lower limit of normal was set at the level of the 0.2nd per-

entile (Table 2)
100
1.6 mL/min 0.4 mL/min

3. Results and discussion

3.1. Enzyme reaction parameters

Compared to similar studies, we totally revised the sample
preparation process including the incubation time which is piv-
otal for a timely diagnosis. Long incubation times are often used
to allow complete substrate digestion. However, this means that
the calculated time-based enzyme activity may  be underestimated
after the reaction plateau is reached. A short assay time should lead
to a more accurate product quantification since the reaction is still
in the linear range.

Several incubation times of up to 12 h were tested for the six
enzymatic reactions. The relationship between product yield and
time was different for the six enzymes but commonly linear up to
6 h (Fig. 2).

Within the time window of linear product accumulation, we
chose an incubation time of 4 h because this proved long enough to
produce a good signal of products and is short enough to be incorpo-
rated into a routine lab procedure. An incubation time of less than
4 h would risk compromising accuracy and an incubation time of
more than 4 h would be incompatible with the time demands and
routines of many laboratories.”

This shortened sample preparation time satisfies the need for
a more rapid analytical strategy which leads to faster diagnoses
meaning that ERT can be introduced earlier and patient outcomes
improved [16].
off determination and the method was  validated by means of both
CDC controls and true positive samples. Although, it is often very
difficult to find sufficient numbers of DBS from true newborn posi-
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ig. 2. The graph above shows the enzymatic reactions stopped at different times
indow time of linearity. The curves appear to have a linear portion up to 6 h. Th

hase  when the product formation still increases in a given unit of time.

ive patients, we were able to test the assay effectiveness on 8 truly
ffected patients of whom 4 were newborns (1 Pompe, 2 Fabry,

 MPS  I) and 4 adults (1 Pompe, 2 Gaucher and 1 Krabbe). Since
o patient with Niemann-Pick A/B disease was available, the assay
as tested on CDC samples. All positive samples were correctly

dentified.

.2. MS/MS  conditions and LC configuration
In 2009 a first approach for a five LSD enzyme assay based on
n on-line cleanup followed by chromatographic separation was
eveloped in order to simplify and speed up sample preparation
esults are plotted as area product against incubation time in order to identify the
matic activity can be accurately quantified if the reaction is stopped in the linear

[10]. Subsequently a multiplex assay was implemented by adding
IDUA measurement to the other five enzymes [11].

In the new protocol described in this work, specific mass
spectrometric parameters have been slightly modified, while LC
configuration and optimization have been profoundly revised. This
was necessary because of discrepancies concerning the accuracy
of IDUA results after running several thousands of samples. After
checking all the steps of the protocol, concerns arose about the
peak shape of both the IDUA IS and IDUA product. Their peak

shapes denoted as the signals were significantly distorted by resid-
ual matrix components supposedly eluting at the same retention
time (RT). IDUA IS is a homologous compound of the investigated
IDUA product and not an isotopologue. It is likely that some minor
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Fig. 3. Extracted ion chromatograms related to the six products and their relative internal standards by running a CDC control sample. Chromatograms of ABG and GALC
p  by in-source breakdown of substrate. While the RT of the ghost peak is the same as the
s action.
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Table 3
Intraday and interday imprecisions (expressed as CV%).

INTRADAY INTERADAY

QC CDC 0 Low Med  High QC CDC 0 Low Med High

IDUA 9.3 3.5 6.9 9.3 IDUA 16.6 13.9 16.9 15.8
GLA  4.2 5.8 5.3 5.3 GLA 5.8 11.2 8.2 7.6
ABG  8.7 9.6 9.2 6.4 ABG 28.8 13.8 13.0 7.9
GALC 7.0 9.0 7.4 8.5 GALC 15.4 17.2 10.7 11.3
roduct  result in two peaks. The first peak (ghost) is due to the product generated
ubstrate, the RT of the second peak corresponds to the product of the enzymatic re

atrix components released by the trapping column at the valve
witching were making the ion-suppression impact slightly differ-
nt on both analyte and internal standard.

To address this problem without elongating the running time,
lumbing supporting the previous protocol was redesigned. The

ayout shown in Fig. 1 and the LC operating parameters (Table 1)
rovided a gradient elution at the time the valve was switched for

 shifted release of the analytes from the trapping column. With
his shift the ion-suppression impact mitigated and was similar for
oth the IDUA IS and the IDUA product. On the other side, eluting
olvent B composition was reconsidered in order, to run the entire
hromatographic process in less than 4.5 min, and to guarantee the
leanliness of both trapping and eluting columns, injection after
njection. The eluting column was chosen to permit large-scale use.

For the chromatographic separation different columns were
ested, including a Synergi Fusion RP-80 2 × 50 mm,  4 �m (Phe-
omenex, Torrance USA), a ShimPack XR-ODS column 2 × 50 mm,
.2 �m (Shimadzu, Japan), and a Zorbax SB-CN 2,1 × 50 mm 5 �m
Agilent, Italy). Besides, different organic solvent mixtures of ace-
onitrile and methanol, with or without isopropanol, were tested
n order to evaluate the most appropriate composition of mobile
hase B. Experimental data showed that a concentration of ace-
onitrile higher than 50% was not suitable since it extended the
hromatographic run up to six minutes. A mixture of acetonitrile/
ethanol/ isopropanol in the following ratio 50:25:25 (v/v/v) pro-

ided the best results in terms of chromatographic separation,
obustness and short run time.

In terms of efficiency and resolution associated with high long-
erm robustness the Zorbax SB-CN column performed better than
he other tested columns. A representative chromatogram is shown
n Fig. 3.

The final choice of the Zorbax SB-CN column instead of the
reviously used Synergi Fusion column, together with the afore-
entioned organic mixture for mobile phase B and the new

lumbing led to an efficient and rapid chromatographic separation
hile maintaining a low pressure in the chromatographic plumb-
ng.
This new configuration retained the advantages of a fast sample

njection for a direct enzyme activity measurement without any
ther pretreatment.
ASM  4.6 1.7 5.9 9.9 ASM 9.4 10.1 12.5 10.4
GAA  6.9 9.5 6.1 8.2 GAA 7.6 18.8 11.5 10.8

3.3. Method validation

The results for intra-day and inter-day imprecision (Table 3)
were acceptable considering many factors contributing to variabil-
ity, included matrix inhomogeneity. The intra-day and inter-day
imprecision studies were less than 20% CVs for all 6 enzyme activ-
ities.

4. Conclusions

At present enzymatic activity assays performed on DBS, for new-
born screening purposes or for confirming a clinical diagnosis, have
an incubation time of at least 16 h. This study demonstrates that this
time can be safely reduced to permit greater workloads and faster
response times. We developed a protocol with a 4 h-incubation
time.

The major concern regarding an enzyme activity assay with a
short time is that the product formation may  be insufficient to
allow a clear distinction between healthy and affected individu-
als. However, this protocol was extensively tested not only on CDC
but also on true positive samples to confirm that the four hour time
interval, though short, is sufficient to convert the substrate into a
quantifiable product when supported by the described LC–MS/MS
measurement setting.

A fast diagnosis of severe neonatal-onset forms of LSDs is essen-

tial for effective pre-symptomatic intervention. A rapid screening
procedure can reduce recall times for newborns who stand to
benefit from the prompt introduction of treatment. The shorter
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standard operating procedure for newborn screening of six lysosomal storage
diseases: By tandem mass spectrometry, Data Brief. 8 (2016) 915–924, http://
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ncubation time adopted in our protocol reduces the time needed
o make a diagnosis and introduce treatment by two days.

Any analytical method devised for clinical application must sat-
sfy requirements of sensitivity, accuracy and precision as well as
aking into consideration the reality of routine lab testing, which
emands speed and robustness. The concept of robustness is often

 little vague, but can be defined as the capacity of an analyti-
al method to process a significant number of samples without
ompromising accuracy or sensitivity. In an LC–MS or LC–MS/MS
ystem there are two potentially weak links; the ionization source
nd the chromatographic system. If chromatographic columns are
ot properly flushed, residues of the previous matrix may  remain
nd contaminate the next sample injected. Residues that accumu-
ate in an unexpected way generate unpredictable effects of ion
uppression of the targeted components

An optimized method must be conducted in a time frame com-
atible with a large-scale routine.

As outlined above, testing in our laboratory proved that the
ethod we describe in this paper fulfils requirements of accuracy,

ensitivity, precision, speed and robustness over a very large scale
or three different instrumental settings.
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