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Abstract
Due to the lack of the acid 1,4-α-glucosidase, the urine of Pompe patients contains increased levels of specific glucose tet-
rasaccharide αGlc(1 → 6)αGlc(1 → 4)αGlc(1 → 4)Glc (Glc4), which was approved as a non-invasive biomarker of glycogen 
accumulation in the muscles of Pompe patients. MALDI-TOF mass spectrometry and 1H NMR spectroscopy were used for 
Glc4 detection in the urine samples of four Pompe patients with infantile, juvenile, and adult forms of the disease, before and 
during, or before and after, enzyme replacement therapy. The increased sensitivity and decreased urine volume required for 
Glc4 detection by MALDI-TOF mass spectrometry was obtained by specific derivatization directly on the MALDI plate by 
3-aminoquinoline. This method is a suitable and fast method for Pompe screening. 1H NMR spectra, used for precise Glc4 
quantifications, were proposed for the enzyme replacement therapy efficiency monitoring. Besides the clinical features and 
the biochemical parameters, knowledge about the evolution of the Glc4 levels over time during the administration of the 
therapy could help monitoring of the patient outcome as part of the standard protocol.
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Introduction

Pompe disease (OMIM#232300), also known as glyco-
gen storage disease type II (GSD type II), is caused by a 
deficiency in, or absence of, the lysosomal enzyme acid 
1,4-α-glucosidase (GAA, EC 3.2.1.20), which participate in 
glycogen degradation (Lim et al. 2014). As a consequence, 
glycogen accumulates in the tissues of patients, resulting in 
an altered neuromuscular structure and function. Depending 
on the patient’s age at symptoms onset, the Pompe disease 
is classified as infantile (IOPD) when it appears in the first 

year, or late onset (LOPD; childhood, juvenile, and adult 
form) (Dasouki et al. 2014). Pompe disease belongs to the 
oligosaccharidoses, a subgroup of lysosomal storage dis-
eases. Due to the wide variety of the age onset, the non-
specific clinical symptoms, and phenotypes, it is difficult to 
diagnose. Some cases of Pompe disease, especially those 
with late onset, have been misdiagnosed. Thus, diagnosis 
of Pompe disease is challenging and often significantly 
delayed, which increases the morbidity and early mortality 
of the disease (van der Ploeg and Reuser 2008; Pérez-López 
et al. 2015). Of the multiple methods applied for Pompe 
diagnosis, the GAA enzyme deficiency demonstration is the 
most often used (Kishnani et al. 2014). However, screen-
ings based on GAA activity monitoring diagnosed Pompe 
positive patients, from which a majority were later revealed 
as false positives after a mutation analysis (Schielen et al. 
2017). The whole diagnostic process may thus become time 
consuming and critical, particularly for patients with the 
most severe infantile form of Pompe.

Hallgren et al. 1974 found that the urine of patients with 
Pompe disease contains higher quantities of limiting glu-
cose tetrasaccharide αGlc(1 → 6)αGlc(1 → 4)αGlc(1 → 4)
Glc (Glc4), created during glycogen degradation. Elevated 
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Glc4 levels were found in the urine of patients with other 
disorders (e.g., GSD III and VI, Duchene muscular dystro-
phy), and thus, it cannot serve as a general specific Pompe 
biomarker. Nevertheless, studies have shown that Glc4 quan-
tities correlate with the glycogen content in the muscles of 
patients with the IOPD form of Pompe, and thus, it was 
proposed as a non-invasive biomarker of glycogen accumu-
lation, particularly for the diagnosis of the IOPD Pompe 
form (Young et al. 2012; Manwaring et al. 2012; de Almeida 
et al. 2017).

In biochemical screening for oligosaccharidoses, the most 
widely used, but time consuming, thin-layer chromatography 
(TLC) has been gradually replaced with diverse analytical 
technologies for the detection of oligosaccharides accumu-
lated in the urine. New high-throughput technologies chal-
lenge researchers to invent new, fast, and more reliable meth-
odologies (Casado et al. 2017). In this review, they described 
different, frequently used techniques for the diagnostics of 
oligosaccharidoses. Most of them require sample pre-treat-
ment (e.g., deproteinization, derivatization, and purification) 
to increase the sensitivity. However, these additional proce-
dures modify a complex matrix of the body fluid and might 
increase the degree of inaccuracy of the results obtained. 
Furthermore, many techniques are not able to distinguish 
Glc4 isomers and can determine only the total Hex4 content. 
However, Young et al. 2012 concluded that Glc4 accounts 
for at least 95% of the total Hex4 fraction in the urine.

High-performance liquid chromatography (HPLC) meth-
odology (Manwaring et al. 2012; Lobato et al. 2013), often in 
conjunction with mass spectrometry (An et al. 2000, 2005), 
is frequently used for Glc4 quantification in Pompe patients. 
As Glc4 is also present in healthy subjects and its quantity 
is age dependent, characteristic values for patients, both 
ill and healthy, were also searched (An et al. 2000; Young 
et al. 2012; Sluiter et al. 2012; Lobato et al. 2013). For mass 
spectrometric analyses, saccharides need to be derivatized to 
increase the sensitivity and intensities of the signals (Casado 
et al. 2017). Traditional derivatization methods usually use 
purification steps, causing a sample loss (Kaneshiro et al. 
2011) and leading to inaccuracies in Glc4 quantification. 
Electrospray ionization (ESI) analysis of derivatized body 
fluids showed that samples from Pompe patients contain ele-
vated levels of Glc4 and higher oligosaccharides [composed 
of up to seven hexose sugar units (Hex7)] in comparison 
with healthy subjects (Rozaklis et al. 2002). In 2012, Sluiter 
et al. 2012 developed a fast UPLC-MS/MS assay, selective 
for Pompe Glc4 detection, without the need for sample deri-
vatization, and without interfering with the M4 maltodextrin 
tetrasaccharide ([→ 4)αGlc(1 →]4). Their study calculated 
age-matched Glc4 concentration values in Pompe patients 
(n = 66, IOPD and LOPD) and control individuals (n = 116). 
Large scale newborn screening performed by stable isotope 
dilution ESI–MS/MS revealed age-matched median values 

and ranges for baseline Glc4 levels in patients with IOPD, 
LOPD, and a pseudo-deficiency group of patients (Chien 
et al. 2015a, b). This study also estimated reference Glc4 lev-
els for the control group of healthy babies aged 6 months or 
younger. The LC–MS/MS study of Young et al. 2012 quan-
tified Glc4 in a large cohort of 208 Pompe disease patients 
and showed the age-matched upper control limits. Their 
study showed that urinary Glc4 is a biomarker of glycogen 
storage with 95% sensitivity and 84% specificity. They also 
confirmed the utility of Glc4 as a predictive biomarker of 
glycogen storage, reflecting the degree of disease severity 
in Pompe patients.

Due to its non-quantitative nature, the MALDI method-
ology (Szájli et al. 2008) can be used only for Hex4 detec-
tion, but not for its quantification. In 2013, Xia et al. 2013 
revealed the characteristic oligosaccharide patterns of 11 
different diseases by MALDI-TOF MS analysis of per-meth-
ylated samples of urine. One drawback of this approach was 
a laborious multistep derivatization procedure used prior to 
the measurement. Bonesso et al. 2014 developed a simpler 
MALDI-TOF MS method for obtaining MS/MS oligosac-
charide signatures. This rapid method, using 2,5-di-hydroxy-
benzoic acid (DHB) and 3-aminoquinoline (3-AQ) matrices, 
was shown to be suitable for the screening and identification 
of eight oligosaccharidoses. However, 3-AQ was used as a 
traditional MALDI matrix, and its potential to bind to reduc-
ing ends of oligosaccharides, to increase selectivity, was not 
revealed in this study.

Capillary electrophoresis (CE-LIF)-based procedures 
were developed and validated for the diagnostics of different 
oligosaccharidoses and related disorders using time-consum-
ing sample derivatization with 8-aminopyrene-1,3,6-trisul-
phonate (APTS) before LIF detection (Casado et al. 2014).

NMR spectroscopy belongs, together with mass spec-
trometry, to the most frequently used high-throughput 
technologies in metabolomics studies. Detailed structural 
analysis of α-limit dextrins, oligosaccharides issued from 
glycogen degradation, and which were isolated from the 
urine of patients suffering from GSD type II and III (includ-
ing GC–MS, direct probe MS and NMR) was performed 
by Kumlien et al. 1989. The application of 1H NMR and 
MALDI-TOF MS in Pompe disease screening was dem-
onstrated by Pakanová et al. 2016. In that study, the DHB 
matrix was used for MALDI-TOF MS and LIFT MS/MS 
measurements. For Glc4 identification from 1H NMR spec-
tra, the isolated H1 anomeric signal of a terminal 1,6-linked 
αGlc unit was used and proposed for its quantification.

In 2006, the FDA approved the first specific treatment 
for muscle disorder by recombinant human alglucosidase 
alpha (Myozyme®, Genzyme Corporation, USA), which was 
the first enzymatic replacement therapy (ERT) of Pompe 
disease (Burton. 2012). Published results have proven that 
the therapy prolongs the life of patients, improves motor 



703Chemical Papers (2019) 73:701–711	

1 3

functions in the infantile form of the disease (Kishnani et al. 
2007, 2014; Amalfitano et al. 2001), normalises heart size, 
muscle pathology, and growth, and motoric development 
becomes adequate to age (Chien et al. 2009). In 2009, the 
FDA approved a second form of recombinant human alglu-
cosidase alpha (Lumizyme®, Genzyme Corporation, USA) 
for the treatment of patients older than 8 years with late 
onset of Pompe disease, without signs of cardiac hypertro-
phy. Clinical tests showed a stabilization of neuromuscular 
deficits (Strothotte et al. 2010) after 3 months of therapy and 
the GAA activity in the skeletal muscles was corrected to 
100% (van den Hout et al. 2004). Long-term administration 
(≈ 2 to 3 years) of ERT in adult Pompe patients positively 
affects muscle strength, pulmonary function, and daily life 
activities (Kuperus et al. 2017. In symptomatic patients, only 
an early diagnostics with early onset of the therapy can avoid 
irreversible damage to the organism (van den Hout et al. 
2004). Patients who started ERT at < 3 months of age had 
better survival rates at 36 months than patients who started 
ERT at ≥ 3 months of age (Chien et al. 2015). In patients 
undergoing ERT, the monitoring of Glc4 should become a 
part of standard diagnostic protocols. Monitoring the Glc4 
level in the urine of Pompe patients, as a response to ERT, 
was proposed by An et al. 2000 and Young et al. 2009, 2012.

Some countries screen newborns for lysosomal storage 
diseases. A long-term study dedicated to newborn screening 
was published by the team of Huang et al. (2015). They used 
the Glc4 level to distinguish newborns with late Pompe onset 
(LOPD) from newborns with low GAA activity caused by a 
pseudo-deficiency of the GAA allele (G576S). The LOPD 
patients had very high levels of Glc4 before ERT in compari-
son with those with a pseudo-deficient GAA allele (G576S), 
for which the Glc4 level was normal. They also found that 
the Glc4 level correlated with the serum creatinine kinase 
(CK) level in Pompe patients, confirming that Glc4 is an 
appropriate biomarker for IOPD newborns, who can thus 
receive ERT shortly after birth.

Multiple reasons support the importance of Glc4 quan-
tity determination: (i) screening for individuals suspected 
of having the IOPD form, when the damage to the organism 
is progressing very fast and the patient would otherwise die 
before the age of 1 year; (ii) to discriminate between Pompe 
patients and those with the GAA pseudo-deficiency; and (iii) 
to monitor the efficiency of the ERT.

During recent decades, traditional thin-layer chromatog-
raphy was used for the detection of Glc4, as a complemen-
tary method to the estimation of GAA activity. In the future, 
the generalized newborn screening for lysosomal storage 
disorders should become a part of the standard routine. 
Therefore, it will be advisable to adopt on a greater scale 
more automated procedures, such as mass spectrometry. 
In this case study, performed on urine samples taken from 
patients with infantile, juvenile and adult form of Pompe 

disease before and during/after ERT, we show the applica-
tion of the highly specific and sensitive MALDI-TOF MS 
method for Glc4 detection, and we propose using NMR as 
a precise method for its quantification. The advantages and 
disadvantages of both methods are also discussed.

Experimental

Materials and reagents

Standard glucose tetrasaccharide (Glc4 standard), ammo-
nium dihydrogen phosphate (NH4H2PO4), 3-aminoquinoline 
(3-AQ), acetonitrile (ACN), and water in LC–MS qualities 
were purchased from Sigma Aldrich (St. Louis, MO, USA). 
Sodium tetradeuterium trimethylsilylpropionate (TSPd4) 
and deuterated water (D2O) were purchased from Eurisotop 
(Saint-Aubin Cedex, FR). α-Cyano-4-hydroxycinnamic acid 
(CHCA) was obtained from Bruker Daltonics (Billerica, 
MA, USA) and trifluoroacetic acid (TFA) was purchased 
from Fluka (St. Gallen, Switzerland).

Samples

Samples of four anonymized patients treated by ERT, pre-
viously diagnosed with Pompe diagnosis by GAA activity 
assay in peripheral leucocytes, and four healthy anonymous 
donors, as negative controls, were analyzed. Samples were 
obtained from National Institute of Children’s Diseases, in 
accordance with standard operating procedures. Written 
informed consent was given by every subject and the experi-
mental study protocol was reviewed and confirmed by the 
hospital ethics committee.

Patient 1—male, infantile IOPD form, age < 1 year at 
the time of the last urine sample collection. At the age of 
8 months, the first symptoms of respiratory track infection 
and congestive heart failure appeared. After ERT onset, his 
health status was stabilized. Muscle strength and the psycho-
motor development of the child became adequate for his age. 
Developmental milestones, previously lagging, became nor-
mal. Cardiological findings showed good function of both 
atria in the heart. Neurological findings, including electro-
myography (EMG), were normal. Urine was collected prior 
to ERT onset, after 2 weeks and after 1 month of treatment.

Patient 2—female, juvenile LOPD form, 7 years old at 
the time of the last urine sample collection. Before ERT, 
the patient was tired and unable to play with her coevals. 
After beginning ERT, her fatigue no longer troubled her; 
she started to attend school, and had enough energy to par-
ticipate in all activities with the other children. Urine was 
collected prior to starting ERT, after 5 and after 8 months 
of the ERT treatment.
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Patient 3—male, juvenile LOPD form, samples taken at 
the age of 4 and 7 years. At the age of 4 years, the child did 
not show any clinical symptoms in spite of elevated Glc4 
levels and GAA deficiency; therefore, the therapy was not 
initiated. A second sample of urine was taken at the age 
of 7 years, when clinical symptoms appeared. Laboratory 
tests confirmed increased values of creatine kinase (CK) and 
lactate dehydrogenase (LD). Clinical signs of a worsening 
of muscle function were manifested by an atypical gait and 
the necessity of using his hands when standing up (Gower’s 
sign). In comparison with Patient 2, his motor ability was 
worse. His cardiological status was without any pathology.

Patient 4—male, adult LOPD form, age > 25 years at the 
time of the last urinary sample collection. Before begin-
ning ERT, the patient could walk with a walking frame; 
afterwards, he was able to walk alone and could manage all 
everyday personal care by himself. After declining further 
ERT, he became disabled once more and had to use a wheel 
chair. Urine samples were collected after 1 year of ERT and 
3 years after ERT rejection.

The urine samples of all 4 patients were frozen imme-
diately after their collection and stored at – 20 °C until the 
analysis was performed. The samples of urine from both 
the patients and the anonymized healthy volunteers were 
analyzed under the same conditions.

Methods

MALDI‑TOF MS

Glc4 standard solution was prepared in a concentration of 
1 mg.mL−1 using ACN/water (1:1, v/v) with the addition of 
TFA to the final concentration of 0.1% (v/v). The method 
based on direct on-target derivatization (Kaneshiro et al. 
2011) was used. A saturated solution of CHCA was prepared 
by dissolving 10 mg of CHCA in 540 μL of ACN/water (1:1, 
v/v) and 60 μL of 100 mM NH4H2PO4 aqueous solution. 
A 3-AQ/CHCA mixture was prepared by dissolving 20 mg 
of 3-AQ in 150 μL of saturated CHCA solution and finally 
diluted tenfold using ACN/water (1:1, v/v) to obtain a work-
ing 3-AQ/CHCA matrix solution. 0.5 μL of tenfold diluted 
urine or standard Glc4 solution and 0.5 μL of a 3-AQ/CHCA 
working solution were premixed on a ground steel MALDI 
target plate (Bruker Daltonics, MA, USA). Afterwards, the 
plate was incubated for 60 min at 60 °C. On-target derivat-
ized samples were analyzed by UltrafleXtreme TOF/TOF 
mass spectrometer (Bruker Daltonics, MA, USA) in the 
reflectron positive ion mode for MS and the LIFT ion mode 
for MS/MS analysis. External calibration was performed 
by Peptide calibration standard II (Bruker Daltonics, MA, 
USA). Raw spectra were processed using the FlexAnalysis 

software (Bruker Daltonics, USA) with baseline subtraction 
and spectral smoothing.

1H NMR spectroscopy

100 µL of urine was freeze-dried and re-dissolved in 250 µL 
of 0.4 mM TSPd4 in D2O. D2O was used for magnetic 
field locking and shimming. Trimethylsilyl propionic acid 
(TSPd4) was used for chemical shift set up (δ = 0 ppm), as 
well as the internal standard for Glc4 oligosaccharide quanti-
fication. NMR spectra were measured at 600 MHz on a Var-
ian VNMRS NMR spectrometer equipped with triple reso-
nance HCN, a 13C enhanced salt tolerant cold probe head, at 
25 °C in 3 mm sample tubes. The residual water signal was 
suppressed using PRESAT sequence with 30° 1H pulse, 5 s 
acquisition time, and 2 s relaxation delay. Anomeric proton 
signals in the 1H NMR spectra were assigned according to 
the literature (Pakanová et al. 2016).

From 1H NMR spectrum, the concentration of metabolite 
is calculated relatively to the internal standard (added at a 
known concentration) as follows:

where [m] is the concentration of metabolite m to be quanti-
fied; A0 is the area of m metabolite signal in the spectrum; 
Aref is the area of TSPd4 resonance; and 9 and b are the 
numbers of protons in TSPd4 and in the metabolite m sig-
nals, respectively.

Results and discussion

3‑AQ derivatization and MALDI‑TOF MS analysis

Using MALDI-TOF MS for the fast screening of oligosac-
charidoses without pre-treatment was described by Bonneso 
et al. (2014). They performed urinary screening for various 
oligosaccharidoses in a single rapid step using 3-AQ as a 
common MALDI matrix. However, in some cases, the deri-
vatization of the sample is preferred. In our study, we have 
utilized an ability of 3-AQ to bind covalently to free, reduc-
ing ends of sugars during on-plate incubation at 60 °C, to 
increase sensitivity and selectivity. Increasing the sensitiv-
ity is important, especially in cases, where the Glc4 levels 
may be low, in mild forms of Pompe disease, or after the 
long-term administration of enzyme therapy. This targeted 
derivatization of saccharide molecules was applied to the 
urine samples of the Pompe patients (n = 4), healthy subjects 
(n = 4), and the Glc4 standard. After the derivatization, the 
positive ion mode in the MALDI-TOF measurement showed 
adduct molecules, 3-AQ derivatized saccharides, with 
increased mass by 126 Da (Kaneshiro et al. 2011). Thus, in 

(1)[m] = 9 × A0 ×
[

TSPd4
]

∕b × Aref ,
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the MALDI-TOF MS spectra of the Pompe patients´ urine, 
instead of the signal of the sodiated Glc4 (m/z 689.2), a 
3-AQ derivatized Glc4 adduct (m/z 815.2) appeared (Fig. 1). 
These 126 Da adduct molecules are formed by a nonreduc-
tive amination of the saccharides by 3-AQ at their reducing 
ends. The formation of such adduct molecules was reported 
by Rohmer et al. 2010. Selective 3-AQ derivatization of uri-
nary oligosaccharides leads to the increased specificity of 
the method.

Representative MS spectra of Glc4 standard and the urine 
of the Pompe patients and healthy individuals are shown in 
Fig. 2. To confirm the presence of the Glc4 structure, MS/
MS (LIFT) analysis of the sodiated parent ion at m/z 815.2 
was performed and the fragmentation pattern was compared 
to that of the Glc4 standard (Fig. 3). Predominantly, “bi” 
(containing the non-reducing end) and “yj” (containing the 
3-AQ labeled reducing end) fragment ions were formed, 
creating a typical pattern of MALDI-TOF/TOF fragmenta-
tion of saccharides. The subscript i indicates the number of 
glycosidic bonds cleaved, counted from the non-reducing 
end, and j refers to the number of inter glycosidic bonds 
counted from the reducing end (Domon and Costello 1988; 
Bauer. 2012). In addition to the 3-AQ derivatized parent 
ion (m/z 815.2) of the Glc4, several lower intensity signals, 
representing oligosaccharides with longer chains (up to 
Glc11), were also detected (i.e., Glc7 shown in the spectra 
with m/z 1301.3). The presence of such oligosaccharides in 

the urine of Pompe patients was also confirmed by Rozaklis 
et al. 2002.

In general, the determination of quantity by MS analysis 
is challenging owing to numerous factors, which include: 
(i) the need for internal standards or structural analogues 
(ideally isotopically labeled); (ii) the fact that such stand-
ards may be unavailable or prohibitively costly; (iii) the need 
to maintain the standards’ concentrations close to those of 
the target metabolites; and (iv) the alternative use of time-
consuming calibration curves for each target metabolite. 
Mass spectrometry lacks the capability of enabling a sim-
ple absolute quantification using a single internal standard, 
due to a number of factors, including ionization efficiencies, 
ion suppression, and matrix effects (Gowda et al. 2018). In 
the case of complex matrices, such as urine, and due to the 
wide concentration ranges of Glc4 in individual patients, we 
decided to use NMR for more precise quantification.

1H NMR analysis and Glc4 quantification

Besides the mass spectrometry, NMR is another important 
analytical technique used for the characterisation of com-
plex biological matrices in metabolomic studies. NMR spec-
troscopy is not destructive; it provides quantitative spectra 
reflecting the concentration of many metabolites simultane-
ously. Usually, it does not require a sample treatment before 
the measurement. In complex NMR spectra, a signal posi-
tion depends on its chemical environment and also often 
on pH values, and the signal intensity directly reflects the 
quantity of metabolite in the body fluid. In the 1H NMR 
spectrum, Glc4 tetrasaccharide (αGlc(1 → 6)αGlc(1 → 4)
αGlc(1 → 4)α,βGlc; 6-α-D-glucopyranosyl-maltotriose) 
identification is based on the characteristic chemical shifts 
of anomeric H1 signals of each glucose unit (Kumlien et al. 
1989). The anomeric H1 signal coming from the terminal 
Glc residue (δ 4.96 ppm), which is linked to the O6 of the 
neighbouring internal 1,4-linked αGlc, is the most specific 
for Glc4 quantification, as can be seen in Fig. 4 (Pakanová 
et al. 2016). The signals of two internal 1,4-linked αGlc 
residues in Glc4 are partially overlapped at δ 5.410, 5.401. 
Glc4 quantification based on these signals might be possible, 
but it will suffer from inaccuracy caused by an overlap with 
the H1 issuing from the maltodextrins (M4), which should 
account for ~ 5% of the total Hex4 (Young et al. 2012). Fig-
ure 4 shows the α anomeric region of proton spectra meas-
ured from urine of five Pompe patients, Glc4 standard and 
two healthy subjects. In the most of the spectra, the signal 
due to α-1,6-linked Glc (δ 4.969–4.967) is well resolved. A 
low variation of chemical shifts in the spectra is caused by 
the differences in pH of urine solutions. Only in two spectra 
of urine, Patient 1 (2 weeks on ERT) and Patient 4 (3 years 
after the refusal of ERT), these signals are overlapped. In 
the former case, only one half of the H1 doublet signal was 

Fig. 1   Reflectron positive MALDI-TOF MS spectra of Glc4 standard 
before (“Free U-Glc4 standard”) and after (“3-AQ derivatized U-Glc4 
standard”) the derivatization with highlighted 126  Da mass incre-
ment. Signals with m/z 689.199 and 815.182 represent the sodiated 
adduct of Glc4 tetrasaccharide. 3-AQ—3-aminoquinoline
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visible (Fig. 4, marked as A) and it has served for the pre-
cise Glc4 quantification (its integral value was multiplied by 
two in the Glc4 quantity calculations). In the second case, 
the overlap of α-1,6-linked Glc was complete. However, 
the signals due to the α-1,4-linked glucose units could be 
identified (marked as B) and it was used for the Glc4 level 
determination. The possibility of presence of other signals 
in their proximity, which were observed in all other spectra 
(Fig. 4, dotted grey lines), increases the degree of inaccuracy 
of determined Glc4 concentration values. Thus, the possible 
presence of maltodextrin (< 10–15%) should be taking into 
account.

1H NMR spectroscopy is frequently used in metabolomics 
studies. It is a highly quantitative method which enables the 
detection of protons of all metabolites present in a biofluid 

at the moment of its collection. Signal intensities depend 
on the number of protons resonating at a given frequency 
and the concentration of metabolites. Their absolute quantity 
may be obtained by different modes. In the frequently used 
indirect mode, the signal intensity of the biomarker is com-
pared with the signal of an internal standard, which reso-
nates outside of the spectral regions of interest. Knowledge 
about the amount of accumulated oligosaccharides could 
be useful for follow-up of the treatment and would require 
an internal standard. For this purpose, quantities should 
be compared to the creatinine (CRN) level. Creatinine is a 
variable parameter which can be used to measure the urine 
concentration and which is often used as a correcting factor 
in many analytical methods involving urine (Bonesso et al. 
2014). Its signal is well resolved in the 1H NMR spectra of 

Fig. 2   Reflectron positive 
MALDI-TOF MS spectra of 
3-AQ-treated urinary samples 
from Pompe patients without 
ERT (n = 4), Glc4 standard as 
a positive control, and urine 
samples from healthy individu-
als (n = 4) as negative controls. 
The depicted signal at m/z 
815.2 represents the sodiated 
form of 3-AQ derivatized Glc4, 
which was present only in 
the urines of Pompe patients. 
3-AQ 3-aminoquinoline, ERT 
enzyme replacement therapy, 
Patient 1—Infantile Onset 
Pompe Disease (IOPD) before 
ERT; Patient 2 and 3—Juvenile 
Late Onset Pompe Disease 
(LOPD) before ERT; Patient 
4—Adult LOPD after ERT; 
Healthy 1–4—urinary samples 
from healthy individuals; ERT 
enzyme replacement therapy
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urines and thus quantities of both creatinine and biomarkers 
can be found in one spectrum.

Analysis of the 1H NMR spectra of the Patient 1 urine 
(IOPD) before the ERT onset contained 63.7 mM/M cre-
atinine (CRN) of Glc4. Two weeks after ERT onset, the 
Glc4 value had decreased to 26.2 mM/M CRN, and after 
1 month of ERT, the Glc4 level was 12.6 mM/M CRN. This 
value was lower than the maximum value found for age-
matched control patients (Sluiter et al. 2012; Young et al. 
2012; Lobato et al. 2013).

Patient 2, with juvenile LOPD, matched the age group 
of 4–10 years. ERT treatment was found to be very effi-
cient as the level of Glc4 decreased from 38.5 to 26.4 and 
7.8 (all in mM/M CRN) after 5 and 8 months, respectively. 
Comparison with the Glc4 levels of age-matched negative 
controls showed that the Glc4 level after 8 months of ERT 
was slightly lower than the median values found by Sluiter 
et al. 2012, and slightly higher than the maximum value 
found by An et al. 2000.

Patient 3, with juvenile LOPD, also matched the age 
group of 4–10 years. In his first urine sample, at age 4 years, 
the Glc4 level was 45.95 mM/L CRN. At that time, he did 

not show any clinical signs of Pompe disease in spite of low 
GAA activity and an elevated Glc4 level, and thus, he did 
not receive ERT. At present, at the age of 7 years, clinical 
signs have appeared. 1H NMR showed that the Glc4 concen-
tration had increased to 66.76 mM/M CRN, confirming that 
ERT should start immediately.

Patient 4, with the adult form of LOPD, had been receiv-
ing ERT for 1 year when his urine was analyzed for its Glc4 
level. The Glc4 level of 6.6 mM/M CRN was very close to 
the median value of Pompe patients found by Sluiter et al. 
2012, but was still high when compared with the values 
found for control individuals. This patient decided to stop 
the therapy and the analysis performed 3 years after cessa-
tion of the therapy showed, besides a worsening of clinical 
symptoms, that the Glc4 level had increased to 16.7 mM/M 
CRN (Table 1).

Widely used diagnostic methods such as HPLC–MS usu-
ally require pre-treatment of urinary samples by derivatiza-
tion followed by a clean-up procedure. The use of a pow-
erful mass analyser with MS/MS (triple quadrupole, TOF/
TOF) or MSn (ion trap) capabilities, in conjunction with 
reverse-phase, normal phase, porous graphited carbon, size 

Fig. 3   Representative MALDI TOF/TOF (LIFT) spectra of 3-AQ 
derivatized parent ion with m/z 815.2 issued from Glc4 tetrasaccha-
ride standard and urine of Pompe patient 1 [Infantile Onset Pompe 
Disease (IOPD)] before the ERT onset. Typical “b” (containing the 

non-reducing end) and “y” (containing the 3-AQ labeled reducing 
end) fragmentation ions are formed predominantly. Hex hexose unit 
(i.e., glucose); 3-AQ 3-aminoquinoline
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exclusion, ion exchange, liquid chromatographic, or capil-
lary electrophoretic separation methods has increased the 
use of MS in characterizing oligosaccharide structures. 
The main function of these coupled techniques is to reduce 
complexity by separating isobaric structures that are not 
resolved by MS. During the derivatization reaction, salts, 
solvents, and derivatization reagents are present in excessive 
amounts, and a clean-up procedure must be implemented 
to remove the excess to facilitate oligosaccharide detection 
(Casado et al. 2017). Another strategy is to develop a simple 

analytical method to identify the metabolite without any pre-
treatment. The limitations of such an approach appear when 
the intensity of the metabolite signals is close to the signal-
to-noise threshold. During long-term ERT administration, 
or in mild cases of Pompe disease, Glc4 levels can decrease 
to almost undetectable values. Thus, for the identification of 
Glc4, derivatization may be required. Nevertheless, in our 
study, we have confirmed that on-target 3-AQ derivatiza-
tion has its major advantage in the reduction of the potential 
sample or its components loss and is thus useful for fast and 

Fig. 4   Anomeric region of the 
1H NMR spectra of Pompe 
patients’ urines and Glc4 stand-
ard. Examined urine samples 
were collected before ERT onset 
and after various time periods 
of ERT administration (w week, 
m month). ERT enzyme replace-
ment therapy; Patient 1—Infan-
tile Onset Pompe Disease 
(IOPD); Patients 2 and 3—Juve-
nile Late Onset Pompe Disease 
(LOPD); Patient 4—Adult form 
of LOPD. 1,4αGlc—1,4-linked 
glucose; 1,6αGlc—terminal Glc 
of the tetrasaccharide linked 
to the O6 of the neighbouring 
α-Glc. According to Table 1: 
A—one half of the doublet was 
used for quantification (Patient 
1, ERT 2w), B—used for quan-
tification (Patient 4, post ERT)
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robust screening for increased Glc4 levels in the urine sam-
ples of Pompe patients. When using this method, no purifi-
cation or separation steps are required. This quick and easy 
operational protocol decreases the time and cost of analysis. 
Two further advantages of on-plate derivatization are the 
possibility of automatization (as the MALDI target plates 
consist of 384 spots) and the fact that only 0.05 microliters 
of urine are necessary per one analysis.

We have also compared our method with that published 
by Bonesso et al. 2014, in which 3-AQ was used as the 
matrix. For the 3-AQ derivatization of urinary oligosac-
charides by our method, sample amounts 3 times lower 
were required, plus significantly lower laser intensities 
were used for the acquisition of spectra of good qual-
ity (data not shown). It is well known that in the case of 
MALDI measurements, the laser settings should be kept 
at the lowest possible intensity to preserve ions and to 
avoid a typical in-source fragmentation. Thus, the direct 
on-plate derivatization led to an overall improvement of 
this diagnostic method. However, the main disadvantage 
of MALDI-TOF MS in diagnostics of Pompe disease is 
its non-quantitative nature. The addition of isotopically 
labeled internal standards could solve this problem, but 
it would dramatically increase costs per analysis. Fur-
thermore, as the Glc4 concentrations vary in individual 

patients, an effort to maintain the standards’ concentra-
tions close to those of the target metabolites could be 
challenging. Moreover, ionization efficiencies can differ 
significantly and, together with the fact that other com-
pounds present in the biofluid may compete or interfere 
with ionization (Bauer. 2012), they make the quantification 
of oligosaccharides by mass spectrometry difficult.

Contrary to MALDI, NMR spectroscopy is able not 
only to detect but also to quantify Glc4 levels in Pompe 
patients’ urine. Its advantages are: the single measurement 
is very fast (spectrum measured within 15–30 min); the 
method is higly reproducible and not destructive; and the 
creatinine quantity can be calculated from the same spec-
trum. Its disadvantages: less sensitivity resulting in bigger 
urine volume for analysis than for MALDI; possible over-
lap of the H1 signal of 1,6-linked terminal α-Glc used for 
the quantification with signals of other metabolites present 
in urine. In the latter case, quantification might still be 
possible if the signals of 1,4-linked α-Glc units are well 
separated. Such quantification suffers from small error 
caused by the presence of α-dextrins (5% of the total Hex4, 
Young et al. 2012). The degree of inaccuracy increases if 
other signals are observed in their close proximity.

In spite of the fact that the efficacy of ERT is vari-
able and unpredictable, especially in patients with LOPD 
(Dasouki et  al. 2014), decreased Glc4 levels in two 
patients under ERT involved in our study have confirmed 
its efficiency. In the case of Patient 3 with delayed onset 
of clinical signs, the determination of Glc4 levels by NMR 
confirmed his suitability to begin immediate enzymatic 
therapy. In the case of Patient 4 after therapy rejection, 
besides the worsening of clinical signs, NMR clearly 
showed a significant increase in Glc4 levels. However, 
the sensitivity of NMR, at the magnetic field frequency 
and with the cryo probe used for the measurements, was 
not sufficient for Glc4 detection in urine collected from 
healthy volunteers.

Nowadays, there are alternative therapies under devel-
opment for Pompe disease (Schoser et al. 2017). These 
include second generation ERTs that aim to improve tar-
geting and extracellular uptake of the recombinant pro-
tein, either alone or in combination with pharmacological 
chaperones; oligonucleotide therapeutics in the form of 
mRNA-delivered GAA or exon-including antisense RNA 
(Safdar et al. 2016; Bergsma et al. 2016). Furthermore, 
gene therapies are another route of treatment, seeking to 
continuously and endogenously produce GAA in target 
tissues and possibly minimize anti-GAA immunogenicity 
(Xu et al. 2005; So et al. 2010; van Til et al. 2010). Future 
determination of urinary Glc4 levels in Pompe patients 
undergoing such modern therapeutic approaches could 
help us understand its prospective efficiency.

Table 1   Levels of Glc4 found in urine samples of Pompe patients 
determined by 1H NMR spectroscopy

ERT enzyme replacement therapy, pre ERT before ERT onset, post 
ERT after the rejection of ERT, CRN creatinine, w week, m month, y 
year
a Based on the not overlapped left half of the H-1 doublet signal at δ 
4.958 ppm, bBased on the integral value of 1,4-linked αGlc signals at 
δ 5.41 ppm

Pompe patients Age Glc4 con-
centration
(mM/M 
CRN)

Patient 1: IOPD
 Before ERT 8 m 7 days 63.7
 ERT 2w 8 m 21 days 26.2a

 ERT 1 m 9 m 8 days 12.6
Patient 2: juvenile LOPD
 Before ERT 7 y 2 m 38.5
 ERT 5 m 7 y 7 m 26.4
 ERT 8 m 7 y 10 m 7.8

Patient 3: juvenile LOPD
 Before ERT 4 y 2 m 45.95
 Before ERT 7 y 5 m 66.76

Patient 4: adult LOPD
 ERT 1y > 25 y 6.6
 Post ERT 3y > 25 y 16.7b
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Conclusions

This study presents an application of the mass spectrom-
etry and NMR spectroscopy to the urine analysis of Pompe 
patients, focused on Glc4 detection and quantification. 
Both methods can shorten the duration of the diagnostic 
process and are highly accurate. The results obtained show 
that, due to their robustness, selective on-target 3-AQ deri-
vatization of oligosaccharides in urine with MALDI-TOF/
TOF detection and 1H NMR spectroscopy is suitable for 
IOPD and juvenile LOPD Pompe disease screening in the 
young population. Unlike MALDI-TOF MS, the 1H NMR 
spectroscopy not only confirms the presence of Glc4 but 
also quantifies the Glc4, and so can be effectively utilized 
in the monitoring of ERT efficiency. Both methods are 
complementary (mass spectrometry is highly sensitive and 
NMR spectroscopy is highly quantitative) and they sig-
nificantly contribute to Pompe disease diagnostics by the 
fast estimation of Glc4 presence, which may help prevent 
a high degree of damage to Pompe patient physiology. The 
results of our study suggest that on-target 3-AQ derivati-
zation of urinary oligosaccharides with MALDI-TOF MS 
detection is the most appropriate method for quick screen-
ing and NMR is similarly suitable for further extended 
evaluation of the changes of Glc4 levels during long-term 
enzymatic therapy.
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