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Figure 1. MRM chromatograms obtained by injecting 10 µL of (a) extracted blank blood VAMS 
spiked with IS, (25 ng/mL); (b) extracted blank blood VAMS spiked with lyso-Gb3 at LLOQ (0.25 
ng/mL) and IS (25 ng/mL); (c) extracted capillary blood specimen of Fabry patient: lyso-Gb3, 
6.74 ng/mL and IS (25 ng/mL). MRM transitions: 786.46 m/z > 282.27 m/z for lyso-Gb3 and 
460.50 m/z > 280.30 m/z for IS.

Figure_rev Click here to access/download;Figure;Figures.pptx

https://www2.cloud.editorialmanager.com/microc/download.aspx?id=717956&guid=1132c5d5-e033-4244-a437-a7d3186f0fa8&scheme=1
https://www2.cloud.editorialmanager.com/microc/download.aspx?id=717956&guid=1132c5d5-e033-4244-a437-a7d3186f0fa8&scheme=1


Figure 2. a) Linear regression analysis between lyso-Gb3 plasma and capillary blood VAMS concentrations of n=13 Fabry 
patients. The solid line depicts the regression line, the dotted lines indicate the 95% confidence and predicted interval for the 
regression line. b) Bland-Altman plot to assess the agreement between the two different assays. The Y axis shows the 
difference between the two paired measurements and the X axis represents the average of these measures (bias); the solid 
line depicts the average of differences between the two methods measurements, the dashed line indicates the optimal 
difference between the two assays, the dotted lines indicate the upper and lower limit of the 95% confidence interval for the
average of differences.
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Abstract 1 

 2 

A volumetric absorptive microsampling (VAMS) combined with UHPLC-MS/MS method was 3 

validated for the analysis of lyso-Gb3 in capillary blood. Lyso-Gb3, a biomarker for Fabry disease 4 

(FD), was extracted from VAMS device with methanol/acetonitrile/water mixture, in a 5 

temperature-controlled ultrasonic bath and the solution was analysed on a Kinetex C18 in 6 

gradient elution with MRM detection. The VAMS method was fully validated according to EMA 7 

guidelines. No hematocrit effect was observed over a range of 20-70%. The method showed 8 

linearity from 0.25 to 100.00 ng/mL, the lower limit of quantitation was 0.25 ng/mL, both 9 

precision and accuracy were ≤ 15% and the average extraction recovery was 94.6%. The VAMS 10 

UHPLC-MS/MS method was successfully compared with a reference plasma method in a series 11 

of 13 Fabry patients and 12 healthy volunteers. This is the first validated UHPLC-MRM VAMS-12 

based method, hematocrit-independent, for capillary blood lyso-Gb3 quantification in FD 13 

patients. 14 

 15 

Keywords:  Volumetric Absorptive Microsampling (VAMS); Fabry Disease; Lyso-Gb3; Ultra-high 16 

performance liquid chromatography-tandem mass spectrometry. 17 
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1 INTRODUCTION 1 

 2 

Microsampling devices are becoming a reliable alternative to traditional venous blood sampling 3 

in therapeutic drug monitoring (TDM) [1] and to support diagnosis, especially when combined 4 

with sensitive analytical methods, such as liquid chromatography-tandem mass spectrometry 5 

(LC-MS/MS). Microsampling has also recently been applied to assess protein stability, for 6 

targeted metabolomics [2], for lipidomics studies based on tailored extraction procedures [3] and 7 

for biomarker discovery [4]. Microsampling devices allow patients themselves to collect a small 8 

volume of blood through a fingerprick, which is less invasive than conventional venipuncture. The 9 

possibility of sending the device to the laboratory for analysis without freezing storage represents 10 

another important advantage [5]. These devices with portability and non-invasive characteristics 11 

can overcome the problems related to the mobility of serious non-hospitalized patients or non-12 

collaborative ones who cannot stand the most invasive venous blood sampling, making them 13 

very valid tools in the so-called telemedicine [6]. The term telemedicine refers to the entire set 14 

of healthcare services in which, thanks to the use of innovative technologies, the health 15 

professional and the patient are not in the same place. The use of telemedicine, through remote 16 

patient care and monitoring, offers the appropriate healthcare response to the needs of a 17 

population experiencing strong aging and an increase in chronic diseases. The best-known 18 

advantages of telemedicine consist of assisting and carrying out check-ups on patients, remotely 19 

checking vital parameters, sending and receiving documents, diagnoses and reports. A further 20 

advancement is the possibility of analyzing biological samples without the patient going to the 21 

hospital. An innovative technology that allows sampling biological liquids such as blood in 22 

telemedicine is microsampling. At best, the microsampling devices can be used by the patient at 23 

home to collect a minimum quantity of blood and send it to the analysis laboratory in appropriate 24 

packaging for conservation. Very recently, the effectiveness of these tools was verified by the 25 

same authors in a TDM study of antiepileptic drugs for the comparison between classic venous 26 

sampling and microsampling performed by patients and by the nurse [7].  27 

To date, the most commonly used devices are dried blood spot (DBS), based on simple absorption 28 

on a filter paper support, quantitative DBS (qDBS) and volumetric absorptive microsampling 29 

(VAMS). VAMS device is made of hydrophilic polymeric material on a plastic tip, capable of 30 

collecting a fixed volume of sample (10-20 µl) sourced from fingerprick blood [8]. The latter 31 

characteristic is a VAMS potential advantage over DBS, overcoming hematocrit (HCT) issue 32 

associated with qDBS bioanalysis [9]. Indeed, the different viscosity, due to the HCT levels, 33 

affected the homogeneous blood drops spreading on the device paper. This drawback led to 34 

strong biases and imprecisions in the determination of the analytes.  35 

These microsampling techniques were found to be helpful for the diagnosis of Fabry disease (FD) 36 

[10] where the globotriaosylsphingosine (lyso-Gb3) proving to be a useful marker to classify FD 37 
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phenotype and to evaluate the efficacy of enzyme replacement therapy (ERT) [11]. FD is an X-1 

linked inborn error of glycosphingolipid catabolism, caused by mutations in the α-galactosidase 2 

A gene (GLA), encoding for the homodimeric glycoprotein α-galactosidase A (α-Gal A). In FD, the 3 

activity of α-Gal A is reduced, resulting in a systemic intracellular accumulation of 4 

globotriaosylceramide (Gb3) and its deacylated form, lyso-Gb3, leading to multisystemic disease 5 

(chemical structure in Figure S1.) [12]. FD phenotypes are classified into two major classes, classic 6 

and late-onset, depending on the amount of enzyme function patients have lost [13]. In the 7 

classic form, the enzyme loses functionality therefore high levels of lyso-gb3 accumulate and in 8 

the late-onset form the enzyme partially retains its functionality and therefore lyso-gb3 9 

accumulates more slowly. The two phenotypic entities require different diagnostic and 10 

therapeutic strategies [14]. FD therapy includes ERT, chaperone therapy, the recent gene therapy 11 

and the use of glucosylceramide synthase inhibitors. All the therapeutic strategies prevent the 12 

intracellular accumulation of Gb3 and lyso-Gb3 [15]. In light of this, the dosage of lyso-Gb3 as a 13 

biomarker, as well as for diagnosis, is important for monitoring the effect of therapies. Portable 14 

microsampling is very useful in this context to meet the needs of patients with mobility problems 15 

or who live very far from the few centres that deal with the rare -FD. 16 

Recently, LC-MS/MS combined with DBS microsampling has been demostrated to be effective in 17 

the dosage of lyso-Gb3, being minimally invasive, ensuring molecules’ stability on filter paper and 18 

allowing easy transport and storage [16,17].According to Malvagia et al. [15], DBS lyso-Gb3 19 

determination is HCT-dependent leading to a significant assay bias. Moreover, lyso-Gb3 proved 20 

to be stable on DBS for up to 30 days at 4 °C or -20 °C, while storage at room temperature (RT) 21 

significantly reduced lyso-Gb3 concentration by approximately 22% [18]. Despite these technical 22 

limitations, due to the nature of the analyte itself, the characteristics of the biological sample and 23 

the intrinsic operating principle of microsampling devices, most of the published studies have not 24 

evaluated the HCT impact on lyso-Gb3 quantification and the stability data of the stored samples 25 

were lacking [19–21].  26 

In light of the above, we developed and fully validated a UHPLC – multiple reaction monitoring 27 

(MRM) MS method, using VAMS devices for the quantitation of lyso-Gb3 capillary blood 28 

concentrations and we evaluated molecule stability and haematocrit impact. To the best of our 29 

knowledge, VAMS lyso-Gb3 determination was performed for the first time in an alternative to 30 

DBS. Blood VAMS lyso-Gb3 concentrations were determined and cross-validated with those 31 

measured in plasma by our recently developed plasma UHPLC-MS/MS method [22], used as 32 

reference. Furthermore, clinical validation was done on FD patients and healthy volunteers. In 33 

particular, we both compared the blood-VAMS method vs the plasma method and evaluated the 34 

congruence of the lyso-Gb3 concentration determined in the different FD forms (i.e., classic FD, 35 

late-onset) and in healthy controls [23]. The present proof of concept study aimed to evaluate 36 

the effective advantage of VAMS, in terms of sampling simplicity, less invasiveness, 37 
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independence from the HCT level and its possible future application in telemedicine, compared 1 

to the usual venepuncture. 2 

 3 

2 MATERIAL AND METHODS 4 

 5 

2.1 Material  6 

Globotriaosylsphingosine (lyso-Gb3, Figure S1a) (purity >= 99%), 1-β-d-glucosylsphingosine (GSG, 7 

Figure S1b) used as internal standard (IS) (purity >= 99%) and LC-MS/MS grade methanol were 8 

provided by Merck Millipore (Darmstadt, Germany). UHPLC-MS grade acetonitrile was provided 9 

by VWR chemicals (Radnor, PA, USA). LC-MS grade formic acid (FA) was provided by Carlo Erba 10 

reagents s.r.l. (Milan, Italy). Ultrapure water was obtained from a MilliQ® Integral apparatus 11 

(Merck Millipore).  12 

VAMS devices, under the brand name of Mitra®, were provided by Neoteryx (Torrance, CA, USA). 13 

Regenerated Cellulose (RC) Membrane 0.22 µm 4 mm Syringe Filters were purchased from 14 

Phenomenex (Torrance, CA, USA). 15 

Phree cartridges for protein precipitation were from Phenomenex (Torrance, CA, USA).  16 

 17 

2.2 Patients 18 

The study has been approved by the Institutional Review Board (Comitato Etico Indipendente 19 

dell’Area Vasta Emilia Centro, CE AVEC number 1077-2020-SPER-AUSLBO). Research, involving 20 

13 human subjects, referred to the Institute of Neurological Sciences of Bologna, complied with 21 

all relevant national regulations, institutional policies and is in accordance with the tenets of the 22 

Helsinki Declaration (as revised in 2013). Written informed consent was obtained from all the 23 

subjects. 24 

We enrolled 6 male and 6 female FD patients with classic phenotype and 1 female with late-onset 25 

(non-classic) phenotype, range-aged 18-67 years. Nine out of 13 patients were on ERT.  26 

Twelve healthy volunteers were enrolled as control samples (5 males, 7 females; range-aged 24-27 

59 years). 28 

 29 

2.3 Sample collection and storage 30 

Venous blood sampled into lithium heparin tubes and VAMS capillary blood sampled via 31 

fingerprick were collected from patients by nurses in the ambulatory of the Institute of 32 

Neurological Sciences, Bologna, Italy. 33 

Blood from healthy volunteers was used for method development and validation. Venous blood 34 

samples into lithium heparin tubes were used as “blank” matrices. Written informed consent was 35 

obtained from all the subjects. Plasma samples were prepared by centrifugation at 1700 x g for 36 

10 minutes (min) at 4 °C and were stored at -20 °C until analysis. 37 

 38 

2.4 VAMS procedure 39 
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The sampling procedure followed the manufacturer instructions. Briefly, after pricking the finger 1 

and discarding the first drop of blood, the sampling tip touches the surface of the fluid sample 2 

until the tip turns completely red and waits 2 seconds (sec). After the collection, VAMS devices 3 

were dried overnight, left at room temperature (21-25 °C), and stored in sealable polyethylene 4 

bags containing silica gel, avoiding light exposure, until the time of UHPLC-MS/MS analysis. The 5 

drying time was confirmed by weighing the device regularly until the weight was constant. 6 

 7 

2.5 Calibration curve and quality control samples 8 

Standard stock lyso-Gb3 solution (0.05 mg/mL) and consecutive working solutions were prepared 9 

in methanol and were stored at −20 °C until use. 10 

Calibration and quality controls were performed on blood samples from volunteers spiked before 11 

dipping VAMS into it (analyte-spiked samples). In detail, spiked blood samples were prepared by 12 

drying standard solutions at different concentrations into the 3 mL tubes, adding venous blood 13 

from healthy volunteers and dipping the lower part of the tip into the tubes. 14 

VAMS calibration curve was prepared using left-over blood spiked at eight different 15 

concentrations 0.25 ng/mL, corresponding to the lower limit of quantification (LLOQ), 0.50 16 

ng/mL, 1.00 ng/mL, 5.00 ng/mL, 10.00 ng/mL, 20.00 ng/mL, 50.00 ng/mL and 100.00 ng/mL.  17 

Quality control (QC) samples were prepared in the same way at LLOQ (0.25 ng/mL), low (0.50 18 

ng/mL), medium (50.00 ng/mL) and high concentration (100.00 ng/mL). 19 

Spiked plasma sample calibration was performed at the same concentrations as blood VAMS by 20 

following our previous method [22].  21 

 22 

2.6 Sample preparation  23 

The lyso-Gb3 extraction from VAMS device was performed by protein precipitation adding 350 24 

μL of a mixture of methanol/acetonitrile/water (80/15/5, v/v/v) containing IS (25.00 ng/mL). 25 

After sonication for 1 hour (h) at 45 °C, 150 μL MilliQ® water was added to the tube, vortexed for 26 

30 sec and centrifuged at 2000 x g for 10 min at 4 °C [19].  27 

Supernatants were filtered with RC membrane filter 0.22 µm and 10 µL of the clean upper layers 28 

were injected into the chromatographic system. 29 

From plasma samples, lyso-Gb3 was extracted with methanol, using Phree cartridges for protein 30 

precipitation and phospholipids removal as described in Perrone et al. [22]. 31 

 32 

2.7 UHPLC-MS/MS instruments and conditions 33 

UHPLC-MS/MS analysis was conducted by following our previously published method [22]. 34 

Briefly, quantitative analysis was performed using a triple quadrupole turbo ion-spray mass 35 

spectrometer (Sciex 4500 QTRAP, Concord, Ontario, Canada) coupled with a UHPLC system 36 

(Nexera X2 UHPLC, Shimadzu Corporation, Kyoto, Japan).  37 
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Chromatography was performed on a Kinetex C18, 30x4.6 mm I.D., 2.6 µm 100 Å column 1 

(Phenomenex, Torrance, CA, USA), with a SecurityGuard™ ULTRA Cartridges UHPLC C18 4.6 mm 2 

ID (Phenomenex).  3 

Analytical column and autosampler temperature were kept at 30 °C and 4 °C, respectively, during 4 

the analysis. Chromatographic separation was achieved over a 6.5 min linear binary gradient with 5 

a constant flow rate of 0.6 mL/min as follows: 0-1 min, 30% eluent B; 1-4 min, 30-95% eluent B; 6 

4-5 min, 95% eluent B; 5-5.5 min, 95-30% eluent B; 5.5-6.5 min, 30% eluent B.  7 

The mobile phases consisted of (A) 0.1% FA in water and (B) 0.1% FA in acetonitrile.  8 

The obtained retention times (rt) of the analytes were: 2.95 min for lyso-Gb3 and 3.22 min for IS. 9 

The positive ionization MS analyses were carried out in multiple reaction monitoring (MRM). The 10 

MRM conditions were optimized by independent direct infusion of the analyte and the IS. The 11 

monitored transition pairs were 786.46 m/z > 282.27 m/z for lyso-Gb3 and 460.50 m/z > 280.30 12 

m/z for IS. The ion spray voltage was set at 5000 V.  13 

The curtain and collision gas (nitrogen) pressures were set at 30 PSI, the nebulizer and heater gas 14 

pressures were both set at 40 PSI and ion spray probe temperature was set at 450 °C.  15 

The declustering, collision and entrance potentials were set at 80, 40 and 13 V, respectively. 16 

 17 

2.8 Extraction solvent optimization 18 

The extraction of lyso-Gb3 from VAMS devices was optimized by testing solvents of different 19 

polarity capable of simultaneously precipitating the proteins. Based on our previous method on 20 

plasma samples [22] and the literature [19,20], we evaluated two pure solvents, methanol and 21 

ethanol, and the mixture composed by methanol/acetonitrile/water (80/15/5, v/v/v). 22 

 23 

2.9 Method validation 24 

The validation was performed according to European Medicine Agency (EMA) and Therapeutic 25 

Drug Monitoring (TDM) guidelines for bioanalytical methods and Dried Blood Spot-based 26 

methods, respectively [24,25]. 27 

Linearity, selectivity, precision and accuracy, HCT impact, lower limit of quantification (LLOQ), 28 

recovery, matrix effect (ME), carry-over, robustness and stability were studied.  29 

Linearity: lyso-Gb3 VAMS calibrators (n=8) were prepared at the curve concentration as indicated 30 

in “curve calibration and quality control samples” section. 31 

As lyso-Gb3 is an endogenous compound, a background subtraction approach is necessary. 32 

Indeed, lyso-Gb3 background peak area in the blank matrix was subtracted from the area of the 33 

peak resulting from spiked lyso-Gb3. The peak area ratios between analyte and IS were plotted 34 

against the related nominal concentrations and the calibration curves were set up by linear least-35 

square regression method using a weighting factor of 1/x. Linearity was assessed by determining 36 

the coefficient of correlation (r). The acceptance requisite was r ≥ 0.998. The back-calculated 37 

concentrations of the calibration standards have to be within ±15% of the nominal value.  38 
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Selectivity: selectivity was evaluated through 10 blank blood matrices. The method was 1 

considered to be selective and accepted if the area of interfering peaks of endogenous lyso-Gb3 2 

and IS was less than 20% of the LLOQ for the analyte and 5% for the IS.  3 

Precision and accuracy: intra and interday accuracy and precision were assessed by determining 4 

the relative error (RE%) and relative standard deviation (RSD%) respectively. 5 

Intraday accuracy and precision were evaluated by analyzing six spiked samples at LLOQ, low, 6 

medium and high QC samples in a single run. QC samples were prepared as described in section 7 

2.5. 8 

Interday accuracy and precision were evaluated by analyzing LLOQ, low, medium and high QC 9 

samples from three different runs on three different days.  10 

The acceptance criteria should not exceed 15% for the QC samples, except for the LLOQ which 11 

should not exceed 20%. 12 

Hematocrit impact: to determine HCT impact on assay precision (RSD%) and accuracy (RE%), low 13 

and high QCs were prepared at 20%, 41% and 70% HCT.  14 

To prepare blood samples with different HCT levels, a starting blood sample at known HCT (41%) 15 

was split in three: one aliquot was left untreated (41% HCT); a second one was spun at 1700 x g 16 

for 10 min and plasma removed (70% HCT); an aliquot of the removed plasma was added to an 17 

aliquot of the initial blood sample (20% HCT) [26].  18 

Lower limit of quantification (LLOQ): LLOQ was defined as the lowest quantifiable concentration 19 

of analyte, with acceptable accuracy and precision (≤ ±20%) and a signal-to-noise ratio of 10. 20 

Lower limit of detection (LLOD): LLOD was determined in triplicate by comparing measured 21 

signals from plasma samples spiked with known low lyso-Gb3 concentrations with those of blank 22 

plasma and calculated as 3 times the signal-to-noise ratio.  23 

Both LLOD and LLOQ values were calculated by analyzing solutions of spiked samples with the 24 

serial dilution method. 25 

Matrix effect: was investigated in triplicate at low and high QCs concentrations, using 6 lots of 26 

blank VAMS samples from healthy volunteers. The spiking step occurred on the solvent after 27 

extraction of the blood components (i.e interferences) from the VAMS (post-spiked samples). 28 

The matrix factor (MF) was calculated as a ratio between post-spiked samples and standard 29 

analytes solutions. Matrix effect was calculated as IS normalised MF. The RSD% of the IS 30 

normalized MF calculated from the 6 lots of matrix should not be ≥ 15%. 31 

Recovery: was assessed by analyzing QCs in triplicate at three concentrations as indicated above. 32 

Recovery % was determined as ratio between the mean of the peak area of the analyte-spiked 33 

samples (see section 2.5) and the post-spiked samples. 34 

Carry-over: was performed in each analytical run (n=3) by injecting blank sample after the highest 35 

calibrator. Carry-over was considered acceptable if it was not greater than 20% of the analyte 36 

response at the LLOQ and 5% of the response for the IS. 37 
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Robustness: was assessed with respect to 3 different operators. Each operator prepared and 1 

analyzed QC samples in triplicate at LLOQ (0.25 ng/mL), low (0.50 ng/mL), medium (50.00 ng/mL) 2 

and high concentration (100.00 ng/mL) as described in sections 2.5 and 2.7. Precision and 3 

accuracy were determined. 4 

Stability tests: to assess stability, VAMS QCs at low and high concentrations were prepared and 5 

stored in sealable polyethylene bags containing desiccant packages at RT. VAMS were analyzed 6 

at 14 and 30 days. Processed QCs were considered stable if their mean concentrations were 7 

within ± 15% of the nominal concentration for low and high QCs. The autosampler stability was 8 

evaluated by reanalyzing QCs samples in triplicate after 24 h of storage in autosampler at 4 °C. 9 

 10 

2.10 Clinical application 11 

The reliability of the method on real samples was assessed by comparing lyso-Gb3 VAMS 12 

concentrations with lyso-Gb3 plasma concentrations [22] through linear regression and Bland-13 

Altman analysis.  14 

In order to compare these values, blood to plasma ratio (R) was calculated by the mean of the 15 

ratio between lyso-Gb3 concentrations found in VAMS and in plasma.  16 

Hospital nurses collected both venous blood by venipuncture and VAMS capillary blood via 17 

finger-prick from patients and healthy volunteers for cross-validation study. Venous blood from 18 

healthy volunteers was used to prepare the calibration curve and QC samples and capillary blood 19 

from the same 12 healthy volunteers was used for the cross-validation study.  20 

 21 

3 RESULTS AND DISCUSSION  22 

 23 

3.1 UHPLC-MRM based method 24 

According to our previous work [22], UHPLC conditions and MRM detection allowed the complete 25 

separation of the analyte and IS and avoided interference from blood components and VAMS 26 

adsorbent material, as shown in MRM chromatograms in Figure 1. In particular, Figures 1a, 1b 27 

and 1c represent extracted blank blood VAMS, spiked with lyso-Gb3 at LLOQ (0.25 ng/mL) and 28 

extracted capillary blood specimen from real FD samples (lyso-Gb3, 6.7 ng/mL), respectively. 29 

 30 

 31 
Figure 1.  MRM chromatograms obtained by injecting 10 µL of (a) extracted blank blood VAMS spiked with IS, (25.00 ng/mL); (b) 32 
extracted blank blood VAMS spiked with lyso-Gb3 at LLOQ (0.25 ng/mL) and IS (25.00 ng/mL); (c) extracted capillary blood 33 
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specimen of Fabry patient: lyso-Gb3, 6.74 ng/mL and IS (25.00 ng/mL). MRM transitions: 786.46 m/z > 282.27 m/z for lyso-Gb3 1 
and 460.50 m/z > 280.30 m/z for IS. 2 

  3 

3.2 Method validation 4 

All the criteria based on EMA guidelines for method development were satisfied. 5 

Calibration curves demonstrated linearity for the whole concentration range studied (0.25-6 

100.00 ng/mL).  7 

This model provided the smallest sum of the relative errors combined with random spreading of 8 

the residuals. Equations (mean ± SD, n=3) of the regression curves for spiked blood-VAMS were: 9 

y=0.012(±0.001) + 0.040(±0.003) x; R2=0,999 (±0.004). Back-calculated concentrations of the 10 

calibration samples were within ±15% of the nominal values.  11 

Selectivity was found to be less than 20% of the LLOQ for the analyte and 5% for the IS. We 12 

observed no additional peaks due to endogenous substances that could have interfered with the 13 

detection of compounds of interest (n=10, Figure 1a, blank chromatogram).  14 

Precision and accuracy results on the 4 concentration levels (LLOQ, low QC, medium QC and high 15 

QC) are reported in Table S1. Both intra and interday precision and accuracy were ≥15% for the 16 

concentrations range.  17 

Precision and accuracy were shown to be not affected by HCT levels in the range of 20 to 70% 18 

(Table 1).  19 

 20 

 21 
Table 1. Precision and accuracy at different HCT levels 22 
 23 

Lyso-Gb3 nominal 

concentration 

(ng/mL) 

HCT level (%) 
MeanSD 
(ng/mL) 

n=3 

Precision* 
(RSD%) 

Accuracy** 
(RE%) 

Low QC 0.50 41 0.52 ± 0.01 0.41 4.03 

 20 0.56 ± 0.03 5.43 12.05 

 70 0.50 ± 0.04 8.09 0.05 

High QC 100.00 41 97.16 ± 3.64  3.72 -2.84 

 20 97.13 ± 2.45 2.55 -2.90 

 70 106.80 ± 0.28 0.34  6.81 

*Precision (RSD%) = 100 x SD/mean concentrations.  24 
**Accuracy (RE%) = 100 x [(mean concentration found - nominal concentration)/nominal concentration]. 25 
 26 

 27 

LOQ and LOD were found at 0.25 ng/mL and 0.10 ng/mL, respectively. 28 
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Matrix effect as IS-normalised MF (%) (meanMF(lyso-Gb3)/meanMF(IS)) -is shown in Table S3. No 1 

significant matrix effect was found for lyso-Gb3 at any QCs level. 2 

Furthermore, carry-over signal was observed to be lower than 20% of the LLOQ levels for lyso-3 

Gb3 and 5% for IS. 4 

The results of the robustness analysis with respect to different operators are reported in Table 5 

S2. Robustness was calculated as precision and accuracy of lyso-Gb3 assay, the results were 6 

within 15% for all QC samples. 7 

The extraction solvent optimization experiments showed the mixture 8 

methanol/acetonitrile/water (80/15/5, v/v/v) to be the most advantageous in terms of recovery 9 

(mean 95%) and matrix effect (IS- normalized MF 101%), as shown in Table S3.  10 

The selection of blood-VAMS drying time was very important to mitigate potential HCT effects 11 

and avoid variability and “extractability-mediated stability bias” [27]. For this purpose, we dried 12 

blood-VAMS samples for at least 24-25 h, according to the literature [25]. As described in section 13 

2.9, we evaluated the lyso-Gb3 stability at RT and in the autosampler at 4 °C, see Table S4. In 14 

particular, lyso-Gb3 storage in VAMS was proved to be stable up to 30 days’ storage at RT, with 15 

mean blood concentration within ±15% of the nominal concentrations. The 24-h autosampler 16 

stability test showed a mean blood concentration of lyso-Gb3 within ±7% of the nominal 17 

concentrations for low and high QCs levels. 18 

 19 

3.3 Cross-validation study between plasma and blood-VAMS lyso-Gb3 20 

After method validation, blood VAMS lyso-Gb3 levels in FD patients were compared to 21 

conventional plasma analysis results [22].  Results obtained from VAMS and plasma samples are 22 

shown in Table 2. Lyso-Gb3 levels in healthy controls were under LLOQ, between 0.06 and 0.20 23 

ng/mL. Blood to plasma ratio was found to be 0.82 (±0.3).  24 

 25 

Table 2. Lyso-Gb3 concentrations obtained from plasma and VAMS samples in Fabry patients 26 

Patient n° Sex 
Age 

(years) 
Phenotype ERT* 

Capillary 

blood (VAMS) 

(ng/mL) 

Plasma 

(ng/mL) 

1 male 18 Classic No 20.95 23.66 

2 female 25 Classic No 6.74 8.30 

3 male 22 Classic No 22.75 31.73 

4 female 52 Classic Yes 1.80 2.58 

5 male 22 Classic Yes 24.30 27.74 

6 female 46 Classic Yes 5.11 5.23 

7 male 54 Classic Yes 26.76 19.48 

8 female 52 Classic Yes 3.19 2.85 
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9 female 61 Classic Yes 8.52 6.77 

10 female 67 Non-classic Yes 2.76 5.91 

11 female 64 Classic Yes 1.25 2.82 

12 male 40 Classic Yes 2.50 3.79 

13 male 56 Classic Yes 0.92 2.68 

*ERT = Enzyme Replacement Therapy.  1 

 2 

For cross-validation, we used a classic linear regression analysis (Figure 2a) and Bland–Altman 3 

plot (Figure 2b).  4 

Figure 2a shows a linear regression analysis between the two methods, described by the function 5 

y = 1.004x + 1.198 (R2 = 0.8842, p<0.0001), with slope 95% confidence interval of 0,763 to 1,245 6 

and intercept 95% confidence interval of -2,113 to 4,490. Mostly lyso-Gb3 values were within the 7 

confidence interval (95%, dotted lines). Confidence interval for slope and intercept contains the 8 

reference values of 1 and 0, respectively, proving no significant differences between the two 9 

methods.  10 

In Bland-Altman analysis the differences between the two techniques are plotted against the 11 

averages of the two methods. Bias value was 1.2 with 95% confident interval from -5.8 to 8.3 12 

Bland-Altman plot (Figure 2b) confirms the agreement between the two methods. Indeed, mostly 13 

the differences between the two measurements were close to the average of the differences 14 

(dashed line) and within the upper and lower limit (dotted lines) of the 95% confidence interval 15 

for the average of differences.  16 

 17 

 18 
 19 
Figure 2. a) Linear regression analysis between lyso-Gb3 plasma and capillary blood VAMS concentrations of n=13 Fabry patients. 20 
The solid line depicts the regression line, the dotted lines indicate the 95% confidence and predicted interval for the regression 21 
line. b) Bland-Altman plot to assess the agreement between the two different assays. The Y axis shows the difference between the 22 
two paired measurements and the X axis represents the average of these measures (bias); the solid line depicts the average of 23 
differences between the two methods measurements, the dashed line indicates the optimal difference between the two assays, 24 
the dotted lines indicate the upper and lower limit of the 95% confidence interval for the average of differences. 25 

 26 

3.4 Application on real samples 27 

b a 
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Through our fully validated method, we determined lyso-Gb3 levels in 13 FD patients (Table 2) 1 

and 12 healthy volunteers. As expected, the amount of lyso-Gb3 is very low (<LLOQ) or absent in 2 

healthy controls. Despite the low number of samples and the complexity of the clinical picture, 3 

the blood VAMS lyso-Gb3 values agree with those of plasma and it should be noted that the level 4 

of lyso-Gb3 in patients under ERT therapy is generally lower than those reported for untreated 5 

patients. These results, although preliminary, are promising for the future use of VAMS in 6 

monitoring this biomarker. 7 

 8 

4 CONCLUSIONS 9 

The present work describes the development and validation of a VAMS UHPLC-MS/MS method 10 

for the quantification of lyso-Gb3 in Fabry patients’ capillary blood. Extraction method was fully 11 

validated in terms of linearity, selectivity, precision, accuracy, HCT impact, recovery, matrix 12 

effect, carry-over, robustness and stability. The method has an acceptable sensitivity to measure 13 

residual lyso-Gb3 blood concentrations down to 0.25 ng/mL.  14 

Our results show that lyso-Gb3 VAMS method is unaffected by HCT over a wide range of 20-70%. 15 

Furthermore, stability test demonstrated that lyso-Gb3 VAMS collected can be stored at RT up 16 

to 30 days. This could simplify at home device sampling from FD patients giving enough time to 17 

the shipment to the laboratory and the analysis and resulting in a great advantage for 18 

telemedicine application.  19 

The validated method was successfully applied to measure lyso-Gb3 VAMS concentrations in FD 20 

patients and in healthy volunteers. 21 

A linear regression analysis was used to assess correlation between concentration values 22 

obtained with VAMS method vs plasma method (Figure 2a). The agreement between the two 23 

different assays was assessed also by using a Bland-Altman plot (Figure 2b). Mostly lyso-Gb3 24 

values were within the confidence interval (95%), except for two measurements, indicating the 25 

two methods' comparative results. The deviation of the two outliers could derive from particular 26 

patient clinical conditions, but given the number of subjects and the methodological purpose of 27 

the work, arguing these results is out the scope of the study. 28 

On average, all FD patient lyso-Gb3 levels are significantly higher than healthy subjects the latter 29 

showing values <LLOQ, between 0.06 and 0.20 ng/mL. Although, a greater number of samples is 30 

necessary to strengthen our results and move from a proof of concept to a clinical study. These 31 

preliminary results are encouraging, showing, for example, how the proposed method is 32 

generally able of differentiating lyso-Gb3 levels between patients on ERT and non-ERT. 33 

To the best of our knowledge, the present method is the first application of VAMS devices to 34 

lyso-Gb3 analysis. Among the strengths, it overcomes the limits of DBS lyso-Gb3 determination 35 

found by Malvagia et al., such as, for example, the HCT impact [15]. UHPLC-MS/MS approach 36 

combined to VAMS strategy seems to be promising for future applications in telemedicine. This 37 

sampling technology is increasingly widespread in clinical practice towards more safe, economic, 38 
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and comfortable patient-centric diagnostic platforms. The proposed method is an important new 1 

alternative for monitoring health status and effect of pharmacological therapies on non-2 

hospitalized patients. Fabry patients may have mobility problems due to the severity of the 3 

disease or they live very far from the few hospital treatment centers that deal with this rare 4 

disease. Hence, the application of VAMS blood microsampling for Lyso-Gb3 monitoring can 5 

certainly help medical practice. 6 

 7 
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Abstract 1 

 2 

A volumetric absorptive microsampling (VAMS) combined with UHPLC-MS/MS method was 3 

validated for the analysis of lyso-Gb3 in capillary blood. Lyso-Gb3, a biomarker for Fabry disease 4 

(FD), was extracted from VAMS device with methanol/acetonitrile/water mixture, in a 5 

temperature-controlled ultrasonic bath and the solution was analysed on a Kinetex C18 in 6 

gradient elution with MRM detection. The VAMS method was fully validated according to EMA 7 

guidelines. No hematocrit effect was observed over a range of 20-70%. The method showed 8 

linearity from 0.25 to 100.00 ng/mL, the lower limit of quantitation was 0.25 ng/mL, both 9 

precision and accuracy were ≤ 15% and the average extraction recovery was 94.6%. The VAMS 10 

UHPLC-MS/MS method was successfully compared with a reference plasma method in a series 11 

of 13 Fabry patients and 12 healthy volunteers. This is the first validated UHPLC-MRM VAMS-12 

based method, hematocrit-independent, for capillary blood lyso-Gb3 quantification in FD 13 

patients. 14 

 15 

Keywords:  Volumetric Absorptive Microsampling (VAMS); Fabry Disease; Lyso-Gb3; Ultra-high 16 

performance liquid chromatography-tandem mass spectrometry. 17 

 18 
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1 INTRODUCTION 1 

 2 

Microsampling devices are becoming a reliable alternative to traditional venous blood sampling 3 

in therapeutic drug monitoring (TDM) [1] and to support diagnosis, especially when combined 4 

with sensitive analytical methods, such as liquid chromatography-tandem mass spectrometry 5 

(LC-MS/MS). Microsampling has also recently been applied to assess protein stability, for 6 

targeted metabolomics [2], for lipidomics studies based on tailored extraction procedures [3] and 7 

for biomarker discovery [4]. Microsampling devices allow patients themselves to collect a small 8 

volume of blood through a fingerprick, which is less invasive than conventional venipuncture. The 9 

possibility of sending the device to the laboratory for analysis without freezing storage represents 10 

another important advantage [5]. These devices with portability and non-invasive characteristics 11 

can overcome the problems related to the mobility of serious non-hospitalized patients or non-12 

collaborative ones who cannot stand the most invasive venous blood sampling, making them 13 

very valid tools in the so-called telemedicine [6]. The term telemedicine refers to the entire set 14 

of healthcare services in which, thanks to the use of innovative technologies, the health 15 

professional and the patient are not in the same place. The use of telemedicine, through remote 16 

patient care and monitoring, offers the appropriate healthcare response to the needs of a 17 

population experiencing strong aging and an increase in chronic diseases. The best-known 18 

advantages of telemedicine consist of assisting and carrying out check-ups on patients, remotely 19 

checking vital parameters, sending and receiving documents, diagnoses and reports. A further 20 

advancement is the possibility of analyzing biological samples without the patient going to the 21 

hospital. An innovative technology that allows sampling biological liquids such as blood in 22 

telemedicine is microsampling. At best, the microsampling devices can be used by the patient at 23 

home to collect a minimum quantity of blood and send it to the analysis laboratory in appropriate 24 

packaging for conservation. Very recently, the effectiveness of these tools was verified by the 25 

same authors in a TDM study of antiepileptic drugs for the comparison between classic venous 26 

sampling and microsampling performed by patients and by the nurse [7].  27 

To date, the most commonly used devices are dried blood spot (DBS), based on simple absorption 28 

on a filter paper support, quantitative DBS (qDBS) and volumetric absorptive microsampling 29 

(VAMS). VAMS device is made of hydrophilic polymeric material on a plastic tip, capable of 30 

collecting a fixed volume of sample (10-20 µl) sourced from fingerprick blood [8]. The latter 31 

characteristic is a VAMS potential advantage over DBS, overcoming hematocrit (HCT) issue 32 

associated with qDBS bioanalysis [9]. Indeed, the different viscosity, due to the HCT levels, 33 

affected the homogeneous blood drops spreading on the device paper. This drawback led to 34 

strong biases and imprecisions in the determination of the analytes.  35 

These microsampling techniques were found to be helpful for the diagnosis of Fabry disease (FD) 36 

[10] where the globotriaosylsphingosine (lyso-Gb3) proving to be a useful marker to classify FD 37 
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phenotype and to evaluate the efficacy of enzyme replacement therapy (ERT) [11]. FD is an X-1 

linked inborn error of glycosphingolipid catabolism, caused by mutations in the α-galactosidase 2 

A gene (GLA), encoding for the homodimeric glycoprotein α-galactosidase A (α-Gal A). In FD, the 3 

activity of α-Gal A is reduced, resulting in a systemic intracellular accumulation of 4 

globotriaosylceramide (Gb3) and its deacylated form, lyso-Gb3, leading to multisystemic disease 5 

(chemical structure in Figure S1.) [12]. FD phenotypes are classified into two major classes, classic 6 

and late-onset, depending on the amount of enzyme function patients have lost [13]. In the 7 

classic form, the enzyme loses functionality therefore high levels of lyso-gb3 accumulate and in 8 

the late-onset form the enzyme partially retains its functionality and therefore lyso-gb3 9 

accumulates more slowly. The two phenotypic entities require different diagnostic and 10 

therapeutic strategies [14]. FD therapy includes ERT, chaperone therapy, the recent gene therapy 11 

and the use of glucosylceramide synthase inhibitors. All the therapeutic strategies prevent the 12 

intracellular accumulation of Gb3 and lyso-Gb3 [15]. In light of this, the dosage of lyso-Gb3 as a 13 

biomarker, as well as for diagnosis, is important for monitoring the effect of therapies. Portable 14 

microsampling is very useful in this context to meet the needs of patients with mobility problems 15 

or who live very far from the few centres that deal with the rare -FD. 16 

Recently, LC-MS/MS combined with DBS microsampling has been demostrated to be effective in 17 

the dosage of lyso-Gb3, being minimally invasive, ensuring molecules’ stability on filter paper and 18 

allowing easy transport and storage [16,17].According to Malvagia et al. [15], DBS lyso-Gb3 19 

determination is HCT-dependent leading to a significant assay bias. Moreover, lyso-Gb3 proved 20 

to be stable on DBS for up to 30 days at 4 °C or -20 °C, while storage at room temperature (RT) 21 

significantly reduced lyso-Gb3 concentration by approximately 22% [18]. Despite these technical 22 

limitations, due to the nature of the analyte itself, the characteristics of the biological sample and 23 

the intrinsic operating principle of microsampling devices, most of the published studies have not 24 

evaluated the HCT impact on lyso-Gb3 quantification and the stability data of the stored samples 25 

were lacking [19–21].  26 

In light of the above, we developed and fully validated a UHPLC – multiple reaction monitoring 27 

(MRM) MS method, using VAMS devices for the quantitation of lyso-Gb3 capillary blood 28 

concentrations and we evaluated molecule stability and haematocrit impact. To the best of our 29 

knowledge, VAMS lyso-Gb3 determination was performed for the first time in an alternative to 30 

DBS. Blood VAMS lyso-Gb3 concentrations were determined and cross-validated with those 31 

measured in plasma by our recently developed plasma UHPLC-MS/MS method [22], used as 32 

reference. Furthermore, clinical validation was done on FD patients and healthy volunteers. In 33 

particular, we both compared the blood-VAMS method vs the plasma method and evaluated the 34 

congruence of the lyso-Gb3 concentration determined in the different FD forms (i.e., classic FD, 35 

late-onset) and in healthy controls [23]. The present proof of concept study aimed to evaluate 36 

the effective advantage of VAMS, in terms of sampling simplicity, less invasiveness, 37 
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independence from the HCT level and its possible future application in telemedicine, compared 1 

to the usual venepuncture. 2 

 3 

2 MATERIAL AND METHODS 4 

 5 

2.1 Material  6 

Globotriaosylsphingosine (lyso-Gb3, Figure S1a) (purity >= 99%), 1-β-d-glucosylsphingosine (GSG, 7 

Figure S1b) used as internal standard (IS) (purity >= 99%) and LC-MS/MS grade methanol were 8 

provided by Merck Millipore (Darmstadt, Germany). UHPLC-MS grade acetonitrile was provided 9 

by VWR chemicals (Radnor, PA, USA). LC-MS grade formic acid (FA) was provided by Carlo Erba 10 

reagents s.r.l. (Milan, Italy). Ultrapure water was obtained from a MilliQ® Integral apparatus 11 

(Merck Millipore).  12 

VAMS devices, under the brand name of Mitra®, were provided by Neoteryx (Torrance, CA, USA). 13 

Regenerated Cellulose (RC) Membrane 0.22 µm 4 mm Syringe Filters were purchased from 14 

Phenomenex (Torrance, CA, USA). 15 

Phree cartridges for protein precipitation were from Phenomenex (Torrance, CA, USA).  16 

 17 

2.2 Patients 18 

The study has been approved by the Institutional Review Board (Comitato Etico Indipendente 19 

dell’Area Vasta Emilia Centro, CE AVEC number 1077-2020-SPER-AUSLBO). Research, involving 20 

13 human subjects, referred to the Institute of Neurological Sciences of Bologna, complied with 21 

all relevant national regulations, institutional policies and is in accordance with the tenets of the 22 

Helsinki Declaration (as revised in 2013). Written informed consent was obtained from all the 23 

subjects. 24 

We enrolled 6 male and 6 female FD patients with classic phenotype and 1 female with late-onset 25 

(non-classic) phenotype, range-aged 18-67 years. Nine out of 13 patients were on ERT.  26 

Twelve healthy volunteers were enrolled as control samples (5 males, 7 females; range-aged 24-27 

59 years). 28 

 29 

2.3 Sample collection and storage 30 

Venous blood sampled into lithium heparin tubes and VAMS capillary blood sampled via 31 

fingerprick were collected from patients by nurses in the ambulatory of the Institute of 32 

Neurological Sciences, Bologna, Italy. 33 

Blood from healthy volunteers was used for method development and validation. Venous blood 34 

samples into lithium heparin tubes were used as “blank” matrices. Written informed consent was 35 

obtained from all the subjects. Plasma samples were prepared by centrifugation at 1700 x g for 36 

10 minutes (min) at 4 °C and were stored at -20 °C until analysis. 37 

 38 

2.4 VAMS procedure 39 
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The sampling procedure followed the manufacturer instructions. Briefly, after pricking the finger 1 

and discarding the first drop of blood, the sampling tip touches the surface of the fluid sample 2 

until the tip turns completely red and waits 2 seconds (sec). After the collection, VAMS devices 3 

were dried overnight, left at room temperature (21-25 °C), and stored in sealable polyethylene 4 

bags containing silica gel, avoiding light exposure, until the time of UHPLC-MS/MS analysis. The 5 

drying time was confirmed by weighing the device regularly until the weight was constant. 6 

 7 

2.5 Calibration curve and quality control samples 8 

Standard stock lyso-Gb3 solution (0.05 mg/mL) and consecutive working solutions were prepared 9 

in methanol and were stored at −20 °C until use. 10 

Calibration and quality controls were performed on blood samples from volunteers spiked before 11 

dipping VAMS into it (analyte-spiked samples). In detail, spiked blood samples were prepared by 12 

drying standard solutions at different concentrations into the 3 mL tubes, adding venous blood 13 

from healthy volunteers and dipping the lower part of the tip into the tubes. 14 

VAMS calibration curve was prepared using left-over blood spiked at eight different 15 

concentrations 0.25 ng/mL, corresponding to the lower limit of quantification (LLOQ), 0.50 16 

ng/mL, 1.00 ng/mL, 5.00 ng/mL, 10.00 ng/mL, 20.00 ng/mL, 50.00 ng/mL and 100.00 ng/mL.  17 

Quality control (QC) samples were prepared in the same way at LLOQ (0.25 ng/mL), low (0.50 18 

ng/mL), medium (50.00 ng/mL) and high concentration (100.00 ng/mL). 19 

Spiked plasma sample calibration was performed at the same concentrations as blood VAMS by 20 

following our previous method [22].  21 

 22 

2.6 Sample preparation  23 

The lyso-Gb3 extraction from VAMS device was performed by protein precipitation adding 350 24 

μL of a mixture of methanol/acetonitrile/water (80/15/5, v/v/v) containing IS (25.00 ng/mL). 25 

After sonication for 1 hour (h) at 45 °C, 150 μL MilliQ® water was added to the tube, vortexed for 26 

30 sec and centrifuged at 2000 x g for 10 min at 4 °C [19].  27 

Supernatants were filtered with RC membrane filter 0.22 µm and 10 µL of the clean upper layers 28 

were injected into the chromatographic system. 29 

From plasma samples, lyso-Gb3 was extracted with methanol, using Phree cartridges for protein 30 

precipitation and phospholipids removal as described in Perrone et al. [22]. 31 

 32 

2.7 UHPLC-MS/MS instruments and conditions 33 

UHPLC-MS/MS analysis was conducted by following our previously published method [22]. 34 

Briefly, quantitative analysis was performed using a triple quadrupole turbo ion-spray mass 35 

spectrometer (Sciex 4500 QTRAP, Concord, Ontario, Canada) coupled with a UHPLC system 36 

(Nexera X2 UHPLC, Shimadzu Corporation, Kyoto, Japan).  37 
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Chromatography was performed on a Kinetex C18, 30x4.6 mm I.D., 2.6 µm 100 Å  column 1 

(Phenomenex, Torrance, CA, USA), with a SecurityGuard™ ULTRA Cartridges UHPLC C18 4.6 mm 2 

ID (Phenomenex).  3 

Analytical column and autosampler temperature were kept at 30 °C and 4 °C, respectively, during 4 

the analysis. Chromatographic separation was achieved over a 6.5 min linear binary gradient with 5 

a constant flow rate of 0.6 mL/min as follows: 0-1 min, 30% eluent B; 1-4 min, 30-95% eluent B; 6 

4-5 min, 95% eluent B; 5-5.5 min, 95-30% eluent B; 5.5-6.5 min, 30% eluent B.  7 

The mobile phases consisted of (A) 0.1% FA in water and (B) 0.1% FA in acetonitrile.  8 

The obtained retention times (rt) of the analytes were: 2.95 min for lyso-Gb3 and 3.22 min for IS. 9 

The positive ionization MS analyses were carried out in multiple reaction monitoring (MRM). The 10 

MRM conditions were optimized by independent direct infusion of the analyte and the IS. The 11 

monitored transition pairs were 786.46 m/z > 282.27 m/z for lyso-Gb3 and 460.50 m/z > 280.30 12 

m/z for IS. The ion spray voltage was set at 5000 V.  13 

The curtain and collision gas (nitrogen) pressures were set at 30 PSI, the nebulizer and heater gas 14 

pressures were both set at 40 PSI and ion spray probe temperature was set at 450 °C.  15 

The declustering, collision and entrance potentials were set at 80, 40 and 13 V, respectively. 16 

 17 

2.8 Extraction solvent optimization 18 

The extraction of lyso-Gb3 from VAMS devices was optimized by testing solvents of different 19 

polarity capable of simultaneously precipitating the proteins. Based on our previous method on 20 

plasma samples [22] and the literature [19,20], we evaluated two pure solvents, methanol and 21 

ethanol, and the mixture composed by methanol/acetonitrile/water (80/15/5, v/v/v). 22 

 23 

2.9 Method validation 24 

The validation was performed according to European Medicine Agency (EMA) and Therapeutic 25 

Drug Monitoring (TDM) guidelines for bioanalytical methods and Dried Blood Spot-based 26 

methods, respectively [24,25]. 27 

Linearity, selectivity, precision and accuracy, HCT impact, lower limit of quantification (LLOQ), 28 

recovery, matrix effect (ME), carry-over, robustness and stability were studied.  29 

Linearity: lyso-Gb3 VAMS calibrators (n=8) were prepared at the curve concentration as indicated 30 

in “curve calibration and quality control samples” section. 31 

As lyso-Gb3 is an endogenous compound, a background subtraction approach is necessary. 32 

Indeed, lyso-Gb3 background peak area in the blank matrix was subtracted from the area of the 33 

peak resulting from spiked lyso-Gb3. The peak area ratios between analyte and IS were plotted 34 

against the related nominal concentrations and the calibration curves were set up by linear least-35 

square regression method using a weighting factor of 1/x. Linearity was assessed by determining 36 

the coefficient of correlation (r). The acceptance requisite was r ≥ 0.998. The back-calculated 37 

concentrations of the calibration standards have to be within ±15% of the nominal value.  38 
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Selectivity: selectivity was evaluated through 10 blank blood matrices. The method was 1 

considered to be selective and accepted if the area of interfering peaks of endogenous lyso-Gb3 2 

and IS was less than 20% of the LLOQ for the analyte and 5% for the IS.  3 

Precision and accuracy: intra and interday accuracy and precision were assessed by determining 4 

the relative error (RE%) and relative standard deviation (RSD%) respectively. 5 

Intraday accuracy and precision were evaluated by analyzing six spiked samples at LLOQ, low, 6 

medium and high QC samples in a single run. QC samples were prepared as described in section 7 

2.5. 8 

Interday accuracy and precision were evaluated by analyzing LLOQ, low, medium and high QC 9 

samples from three different runs on three different days.  10 

The acceptance criteria should not exceed 15% for the QC samples, except for the LLOQ which 11 

should not exceed 20%. 12 

Hematocrit impact: to determine HCT impact on assay precision (RSD%) and accuracy (RE%), low 13 

and high QCs were prepared at 20%, 41% and 70% HCT.  14 

To prepare blood samples with different HCT levels, a starting blood sample at known HCT (41%) 15 

was split in three: one aliquot was left untreated (41% HCT); a second one was spun at 1700 x g 16 

for 10 min and plasma removed (70% HCT); an aliquot of the removed plasma was added to an 17 

aliquot of the initial blood sample (20% HCT) [26].  18 

Lower limit of quantification (LLOQ): LLOQ was defined as the lowest quantifiable concentration 19 

of analyte, with acceptable accuracy and precision (≤ ±20%) and a signal-to-noise ratio of 10. 20 

Lower limit of detection (LLOD): LLOD was determined in triplicate by comparing measured 21 

signals from plasma samples spiked with known low lyso-Gb3 concentrations with those of blank 22 

plasma and calculated as 3 times the signal-to-noise ratio.  23 

Both LLOD and LLOQ values were calculated by analyzing solutions of spiked samples with the 24 

serial dilution method. 25 

Matrix effect: was investigated in triplicate at low and high QCs concentrations, using 6 lots of 26 

blank VAMS samples from healthy volunteers. The spiking step occurred on the solvent after 27 

extraction of the blood components (i.e interferences) from the VAMS (post-spiked samples). 28 

The matrix factor (MF) was calculated as a ratio between post-spiked samples and standard 29 

analytes solutions. Matrix effect was calculated as IS normalised MF. The RSD% of the IS 30 

normalized MF calculated from the 6 lots of matrix should not be ≥ 15%. 31 

Recovery: was assessed by analyzing QCs in triplicate at three concentrations as indicated above. 32 

Recovery % was determined as ratio between the mean of the peak area of the analyte-spiked 33 

samples (see section 2.5) and the post-spiked samples. 34 

Carry-over: was performed in each analytical run (n=3) by injecting blank sample after the highest 35 

calibrator. Carry-over was considered acceptable if it was not greater than 20% of the analyte 36 

response at the LLOQ and 5% of the response for the IS. 37 
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Robustness: was assessed with respect to 3 different operators. Each operator prepared and 1 

analyzed QC samples in triplicate at LLOQ (0.25 ng/mL), low (0.50 ng/mL), medium (50.00 ng/mL) 2 

and high concentration (100.00 ng/mL) as described in sections 2.5 and 2.7. Precision and 3 

accuracy were determined. 4 

Stability tests: to assess stability, VAMS QCs at low and high concentrations were prepared and 5 

stored in sealable polyethylene bags containing desiccant packages at RT. VAMS were analyzed 6 

at 14 and 30 days. Processed QCs were considered stable if their mean concentrations were 7 

within ± 15% of the nominal concentration for low and high QCs. The autosampler stability was 8 

evaluated by reanalyzing QCs samples in triplicate after 24 hours of storage in autosampler at 4 9 

°C. 10 

 11 

2.10 Clinical application 12 

The reliability of the method on real samples was assessed by comparing lyso-Gb3 VAMS 13 

concentrations with lyso-Gb3 plasma concentrations [22] through linear regression and Bland-14 

Altman analysis.  15 

In order to compare these values, blood to plasma ratio (R) was calculated by the mean of the 16 

ratio between lyso-Gb3 concentrations found in VAMS and in plasma.  17 

Hospital nurses collected both venous blood by venipuncture and VAMS capillary blood via 18 

finger-prick from patients and healthy volunteers for cross-validation study. Venous blood from 19 

healthy volunteers was used to prepare the calibration curve and QC samples and capillary blood 20 

from the same 12 healthy volunteers was used for the cross-validation study.  21 

 22 

3 RESULTS AND DISCUSSION  23 

 24 

3.1 UHPLC-MRM based method 25 

According to our previous work [22], UHPLC conditions and MRM detection allowed the complete 26 

separation of the analyte and IS and avoided interference from blood components and VAMS 27 

adsorbent material, as shown in MRM chromatograms in Figure 1. In particular, Figures 1a, 1b 28 

and 1c represent extracted blank blood VAMS, spiked with lyso-Gb3 at LLOQ (0.25 ng/mL) and 29 

extracted capillary blood specimen from real FD samples (lyso-Gb3, 6.7 ng/mL), respectively. 30 

 31 
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 1 
Figure 1.  MRM chromatograms obtained by injecting 10 µL of (a) extracted blank blood VAMS spiked with IS, (25.00 ng/mL); (b) 2 
extracted blank blood VAMS spiked with lyso-Gb3 at LLOQ (0.25 ng/mL) and IS (25.00 ng/mL); (c) extracted capillary blood 3 
specimen of Fabry patient: lyso-Gb3, 6.74 ng/mL and IS (25.00 ng/mL). MRM transitions: 786.46 m/z > 282.27 m/z for lyso-Gb3 4 
and 460.50 m/z > 280.30 m/z for IS. 5 

  6 

3.2 Method validation 7 

All the criteria based on EMA guidelines for method development were satisfied. 8 

Calibration curves demonstrated linearity for the whole concentration range studied (0.25-9 

100.00 ng/mL).  10 

This model provided the smallest sum of the relative errors combined with random spreading of 11 

the residuals. Equations (mean ± SD, n=3) of the regression curves for spiked blood-VAMS were: 12 

y=0.012(±0.001) + 0.040(±0.003) x; R2=0,999 (±0.004). Back-calculated concentrations of the 13 

calibration samples were within ±15% of the nominal values.  14 

Selectivity was found to be less than 20% of the LLOQ for the analyte and 5% for the IS. We 15 

observed no additional peaks due to endogenous substances that could have interfered with the 16 

detection of compounds of interest (n=10, Figure 1a, blank chromatogram).  17 

Precision and accuracy results on the 4 concentration levels (LLOQ, low QC, medium QC and high 18 

QC) are reported in Table S1. Both intra and interday precision and accuracy were ≥15% for the 19 

concentrations range.  20 

Precision and accuracy were shown to be not affected by HCT levels in the range of 20 to 70% 21 

(Table 1).  22 

 23 

 24 
Table 1. Precision and accuracy at different HCT levels 25 
 26 

Lyso-Gb3 nominal 

concentration 

(ng/mL) 

HCT level (%) 
MeanSD 
(ng/mL) 

n=3 

Precision* 
(RSD%) 

Accuracy** 
(RE%) 

Low QC 0.50 41 0.52 ± 0.01 0.41 4.03 

 20 0.56 ± 0.03 5.43 12.05 

 70 0.50 ± 0.04 8.09 0.05 
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High QC 100.00 41 97.16 ± 3.64  3.72 -2.84 

 20 97.13 ± 2.45 2.55 -2.90 

 70 106.80 ± 0.28 0.34  6.81 

*Precision (RSD%) = 100 x SD/mean concentrations.  1 
**Accuracy (RE%) = 100 x [(mean concentration found - nominal concentration)/nominal concentration]. 2 

 3 

 4 

LOQ and LOD were found at 0.25 ng/mL and 0.10 ng/mL, respectively. 5 

Matrix effect as IS-normalised MF (%) (meanMF(lyso-Gb3)/meanMF(IS)) -is shown in Table S3. No 6 

significant matrix effect was found for lyso-Gb3 at any QCs level. 7 

Furthermore, carry-over signal was observed to be lower than 20% of the LLOQ levels for lyso-8 

Gb3 and 5% for IS. 9 

The results of the robustness analysis with respect to different operators are reported in Table 10 

S2. Robustness was calculated as precision and accuracy of lyso-Gb3 assay, the results were 11 

within 15% for all QC samples. 12 

The extraction solvent optimization experiments showed the mixture 13 

methanol/acetonitrile/water (80/15/5, v/v/v) to be the most advantageous in terms of recovery 14 

(mean 95%) and matrix effect (IS- normalized MF 101%), as shown in Table S3.  15 

The selection of blood-VAMS drying time was very important to mitigate potential HCT effects 16 

and avoid variability and “extractability-mediated stability bias” [27]. For this purpose, we dried 17 

blood-VAMS samples for at least 24-25 hours, according to the literature [25]. As described in 18 

section 2.9, we evaluated the lyso-Gb3 stability at RT and in the autosampler at 4 °C, see Table 19 

S4. In particular, lyso-Gb3 storage in VAMS was proved to be stable up to 30 days’ storage at RT, 20 

with mean blood concentration within ±15% of the nominal concentrations. The 24-h 21 

autosampler stability test showed a mean blood concentration of lyso-Gb3 within ±7% of the 22 

nominal concentrations for low and high QCs levels. 23 

 24 

3.3 Cross-validation study between plasma and blood-VAMS lyso-Gb3 25 

After method validation, blood VAMS lyso-Gb3 levels in FD patients were compared to 26 

conventional plasma analysis results [22].  Results obtained from VAMS and plasma samples are 27 

shown in Table 2. Lyso-Gb3 levels in healthy controls were under LLOQ, between 0.06 and 0.20 28 

ng/mL. Blood to plasma ratio was found to be 0.82 (±0.3).  29 

 30 

Table 2. Lyso-Gb3 concentrations obtained from plasma and VAMS samples in Fabry patients 31 

Patient n° Sex 
Age 

(years) 
Phenotype ERT* 

Capillary 

blood (VAMS) 

(ng/mL) 

Plasma 

(ng/mL) 

1 male 18 Classic No 20.95 23.66 
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2 female 25 Classic No 6.74 8.30 

3 male 22 Classic No 22.75 31.73 

4 female 52 Classic Yes 1.80 2.58 

5 male 22 Classic Yes 24.30 27.74 

6 female 46 Classic Yes 5.11 5.23 

7 male 54 Classic Yes 26.76 19.48 

8 female 52 Classic Yes 3.19 2.85 

9 female 61 Classic Yes 8.52 6.77 

10 female 67 Non-classic Yes 2.76 5.91 

11 female 64 Classic Yes 1.25 2.82 

12 male 40 Classic Yes 2.50 3.79 

13 male 56 Classic Yes 0.92 2.68 

*ERT = Enzyme Replacement Therapy.  1 

 2 

For cross-validation, we used a classic linear regression analysis (Figure 2a) and Bland–Altman 3 

plot (Figure 2b).  4 

Figure 2a shows a linear regression analysis between the two methods, described by the function 5 

y = 1.004x + 1.198 (R2 = 0.8842, p<0.0001), with slope 95% confidence interval of 0,763 to 1,245 6 

and intercept 95% confidence interval of -2,113 to 4,490. Mostly lyso-Gb3 values were within the 7 

confidence interval (95%, dotted lines). Confidence interval for slope and intercept contains the 8 

reference values of 1 and 0, respectively, proving no significant differences between the two 9 

methods.  10 

In Bland-Altman analysis the differences between the two techniques are plotted against the 11 

averages of the two methods. Bias value was 1.2 with 95% confident interval from -5.8 to 8.3 12 

Bland-Altman plot (Figure 2b) confirms the agreement between the two methods. Indeed, mostly 13 

the differences between the two measurements were close to the average of the differences 14 

(dashed line) and within the upper and lower limit (dotted lines) of the 95% confidence interval 15 

for the average of differences.  16 

 17 
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 1 
 2 
Figure 2. a) Linear regression analysis between lyso-Gb3 plasma and capillary blood VAMS concentrations of n=13 Fabry patients. 3 
The solid line depicts the regression line, the dotted lines indicate the 95% confidence and predicted interval for the regression 4 
line. b) Bland-Altman plot to assess the agreement between the two different assays. The Y axis shows the difference between the 5 
two paired measurements and the X axis represents the average of these measures (bias); the solid line depicts the average of 6 
differences between the two methods measurements, the dashed line indicates the optimal difference between the two assays, 7 
the dotted lines indicate the upper and lower limit of the 95% confidence interval for the average of differences. 8 

 9 

3.4 Application on real samples 10 

Through our fully validated method, we determined lyso-Gb3 levels in 13 FD patients (Table 2) 11 

and 12 healthy volunteers. As expected, the amount of lyso-Gb3 is very low (<LLOQ) or absent in 12 

healthy controls. Despite the low number of samples and the complexity of the clinical picture, 13 

the blood VAMS lyso-Gb3 values agree with those of plasma and it should be noted that the level 14 

of lyso-Gb3 in patients under ERT therapy is generally lower than those reported for untreated 15 

patients. These results, although preliminary, are promising for the future use of VAMS in 16 

monitoring this biomarker. 17 

 18 

4 CONCLUSIONS 19 

The present work describes the development and validation of a VAMS UHPLC-MS/MS method 20 

for the quantification of lyso-Gb3 in Fabry patients’ capillary blood. Extraction method was fully 21 

validated in terms of linearity, selectivity, precision, accuracy, HCT impact, recovery, matrix 22 

effect, carry-over, robustness and stability. The method has an acceptable sensitivity to measure 23 

residual lyso-Gb3 blood concentrations down to 0.25 ng/mL.  24 

Our results show that lyso-Gb3 VAMS method is unaffected by HCT over a wide range of 20-70%. 25 

Furthermore, stability test demonstrated that lyso-Gb3 VAMS collected can be stored at RT up 26 

to 30 days. This could simplify at home device sampling from FD patients giving enough time to 27 

the shipment to the laboratory and the analysis and resulting in a great advantage for 28 

telemedicine application.  29 

The validated method was successfully applied to measure lyso-Gb3 VAMS concentrations in FD 30 

patients and in healthy volunteers. 31 

A linear regression analysis was used to assess correlation between concentration values 32 

b a 
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obtained with VAMS method vs plasma method (Figure 2a). The agreement between the two 1 

different assays was assessed also by using a Bland-Altman plot (Figure 2b). Mostly lyso-Gb3 2 

values were within the confidence interval (95%), except for two measurements, indicating the 3 

two methods' comparative results. The deviation of the two outliers could derive from particular 4 

patient clinical conditions, but given the number of subjects and the methodological purpose of 5 

the work, arguing these results is out the scope of the study. 6 

On average, all FD patient lyso-Gb3 levels are significantly higher than healthy subjects the latter 7 

showing values <LLOQ, between 0.06 and 0.20 ng/mL. Although, a greater number of samples is 8 

necessary to strengthen our results and move from a proof of concept to a clinical study. These 9 

preliminary results are encouraging, showing, for example, how the proposed method is 10 

generally able of differentiating lyso-Gb3 levels between patients on ERT and non-ERT. 11 

To the best of our knowledge, the present method is the first application of VAMS devices to 12 

lyso-Gb3 analysis. Among the strengths, it overcomes the limits of DBS lyso-Gb3 determination 13 

found by Malvagia et al., such as, for example, the HCT impact [15]. UHPLC-MS/MS approach 14 

combined to VAMS strategy seems to be promising for future applications in telemedicine. This 15 

sampling technology is increasingly widespread in clinical practice towards more safe, economic, 16 

and comfortable patient-centric diagnostic platforms. The proposed method is an important new 17 

alternative for monitoring health status and effect of pharmacological therapies on non-18 

hospitalized patients. Fabry patients may have mobility problems due to the severity of the 19 

disease or they live very far from the few hospital treatment centers that deal with this rare 20 

disease. Hence, the application of VAMS blood microsampling for Lyso-Gb3 monitoring can 21 

certainly help medical practice. 22 
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Table 1. Precision and accuracy at different HCT levels 

 
 
 

Lyso-Gb3 nominal 

concentration 

(ng/mL) 

HCT level (%) 
MeanSD 
(ng/mL) 

n=3 

Precision* 
(RSD%) 

Accuracy** 
(RE%) 

Low QC 0.50 41 0.52 ± 0.01 0.41 4.03 

 20 0.56 ± 0.03 5.43 12.05 

 70 0.50 ± 0.04 8.09 0.05 

High QC 100.00 41 97.16 ± 3.64  3.72 -2.84 

 20 97.13 ± 2.45 2.55 -2.90 

 70 106.80 ± 0.28 0.34  6.81 

 
 
Precision (RSD%) = 100 x SD/mean;  
Accuracy (Bias%) = 100 x [(mean concentration found – nominal concentration)/ nominal concentration].  
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Table 2. Lyso-Gb3 concentrations obtained from plasma and VAMS samples in Fabry patients 

Patient n° Sex 
Age 

(years) 
Phenotype ERT 

Capillary blood 

(VAMS) (µg/L) 
Plasma (µg/L) 

1 male 18 Classic No 20.95 23.66 

2 female 25 Classic No 6.74 8.30 

3 male 22 Classic No 22.75 31.73 

4 female 52 Classic Yes 1.80 2.58 

5 male 22 Classic Yes 24.30 27.74 

6 female 46 Classic Yes 5.11 5.23 

7 male 54 Classic Yes 26.76 19.48 

8 female 52 Classic Yes 3.19 2.85 

9 female 61 Classic Yes 8.52 6.77 

10 female 67 Non-classic Yes 2.76 5.91 

11 female 64 Classic Yes 1.25 2.82 

12 male 40 Classic Yes 2.50 3.79 

13 male 56 Classic Yes 0.92 2.68 

 

ERT = Enzyme Replacement Therapy; 
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