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Abstract
Background  Mycophenolic acid (MPA) is widely used in posttransplant pharmacotherapy for pediatric patients after renal 
transplantation. Volumetric absorptive microsampling (VAMS) is a recent approach for sample collection, particularly dur-
ing therapeutic drug monitoring (TDM). The recommended matrix for MPA determination is plasma (PL), and conversion 
between capillary-blood VAMS samples and PL concentrations is required for the appropriate interpretation of the results.
Methods  This study aimed to validate and develop a UHPLC-MS/MS method for MPA quantification in whole blood (WB), 
PL, and VAMS samples, with cross and clinical validation based on regression calculations. Methods were validated in the 
0.10–15 µg/mL range for trough MPA concentration measurement according to the European Medicines Agency (EMA) 
guidelines. Fifty pediatric patients treated with MPA after renal transplantation were included in this study. PL and WB 
samples were obtained via venipuncture, whereas VAMS samples were collected after the fingerstick. The conversion from 
VAMSMPA to PLMPA concentration was performed using formulas based on hematocrit values and a regression model.
Results  LC–MS/MS methods were successfully developed and validated according to EMA guidelines. The cross-correlation 
between the methods was evaluated using Passing-Bablok regression, Bland–Altman bias plots, and predictive performance 
calculations. Clinical validation of the developed method was successfully performed, and the formula based on regression 
was successfully validated for VAMSMPA to PLMPA concentration and confirmed on an independent group of samples.
Conclusions  This study is the first development of a triple matrix-based LC–MS/MS method for MPA determination in the 
pediatric population after renal transplantation. For the first time, the developed methods were cross-validated with routinely 
used HPLC–DAD protocol.
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Abbreviations
AcMPAG	� Mycophenolic acid acyl-glucuronide
AR	� Absolute recovery
C0	� Trough concentration
CEDIA	� Cloned enzyme donor immunoassay
CMHI	� Children’s Memorial Health Institute
CV	� Coefficient of variation
DBS	� Dried-blood-spot
DL	� Desolvatation line
EDTA	� Ethylenediamine tetraacetic acid
EMA	� European Medicines Agency
EMIT	� Enzyme multiplied immunoassay 

technique
ESI( +)	� Positive-ion mode with electrospray 

ionization
FDCC	� Fixed-dose concentration controlled 

trial
FLD	� Fluorescence detection
FBPP	� Fraction bound to plasma proteins
GCP	� Good Clinical Practice

HB	� Heat block
HP	� Heparinized plasma
HPLC–DAD	� High-performance liquid chromatogra-

phy coupled with diode array detection
HT	� Hematocrit
HQC	� Highest quality control
IA	� Immunoassay
IATDMCT	� International Association of Thera-

peutic Drug Monitoring and Clinical 
Toxicology

IMPDH	� Inosine monophosphate dehydrogenase
IS	� Internal standard
ISR	� Incurred sample reanalysis
KTx	� Kidney transplantation
LC–MS/MS	� Liquid chromatography–tandem mass 

spectrometry
LLE	� Liquid–liquid extraction
LLOQ	� Lower limit of quantification
LQC	� Lowest quality control
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MAPE	� Median absolute percentage prediction 
error

ME	� Matrix effect
MQC	� Medium quality control
MMF	� Mycophenolate mofetil
MPA	� Mycophenolic acid
MPAG	� Mycophenolic acid glucuronide
MPE	� Median prediction error
MPPE	� Median percentage prediction error
MRM	� Multiple reaction monitoring
PE	� Process efficacy
PETINIA	� Particle-enhanced turbidimetric inhibi-

tion immunoassay
PK	� Pharmacokinetic
PL	� Plasma
Rt	� Retention time
RMSE	� Root mean squared prediction error
RT	� Room temperature
QC	� Quality control
S/N	� Signal-to-noise ratio
SD	� Standard deviation
SR	� Serum
TAC​	� Tacrolimus
TDM	� Therapeutic drug monitoring
UHPLC-MS/MS	� Ultra-high-performance liquid chroma-

tography-tandem mass spectrometry
URIS	� Structurally unrelated internal standard
UV	� Ultraviolet detection
VAMS	� Volumetric absorptive microsampling
WB	� Whole blood

Introduction

From a long-term perspective, pediatric patients require 
optimal immunosuppressive therapy after kidney trans-
plantation (KTx) to prevent toxicity and acute or chronic 
graft rejection [1, 2]. Pharmacotherapy is often based 
on tacrolimus (TAC), a cornerstone calcineurin inhibi-
tor, combined with mycophenolate and corticosteroids. 
Mycophenolates are characterized by relatively high 
intra: and inter-individual variability [1, 2]. In such cases, 
therapeutic drug monitoring (TDM) of drug concentra-
tion in the blood is essential for dosage adjustment and 
individualized therapy. In the case of pediatric patients, 
MPA has registration for post-transplant treatment, with 
dosing 1200 or 900 mg/m2 of body surface area divided 
into two doses (concomitantly for cyclosporine and TAC, 
respectively). Some modifications may be made early after 
transplantation [1–3].

After administration, mycophenolate mofetil (MMF) 
is rapidly hydrolyzed to its active metabolite MPA. 
At the molecular level, MPA is a selective, specific, 

non-competitive, and reversible inhibitor of inosine 
monophosphate dehydrogenase (IMPDH) [1, 4]. In adults, 
MMF is monitored (but not obligatory) by measuring 
mycophenolic acid (MPA) in plasma; however, this is 
not implemented to the same degree in children [4]. The 
FDCC (Fixed-Dose Concentration Controlled) clinical 
trial with 62 pediatric patients treated with MMF showed 
comparable pharmacokinetic (PK) and efficacy to adults; 
however, children younger than 6 years needed more atten-
tion owing to potential adverse effects/toxicities [1, 4–6].

According to the IATDMCT (International Association 
of Therapeutic Drug Monitoring and Clinical Toxicology) 
recommendations, EDTA (ethylenediamine tetraacetic 
acid) plasma (PL), heparinized plasma (HP), and serum 
(SR) are suitable matrices for MPA determination [7]. 
MPA concentration is determined in TDM laboratories 
using immunoassays (IAs) or chromatographic meth-
ods. High-performance liquid chromatography (HPLC) 
conducted with ultraviolet spectrophotometry (UV) or a 
fluorescence detector (FLD) is frequently used in TDM 
laboratories as a routine method [1, 7]. On the other hand, 
the most attractive liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) is considered a method rou-
tinely used in 40% of TDM laboratories. This method is 
regarded as the gold standard bioanalytical method for 
MPA determination. Owing to the higher specificity, sen-
sitivity, and robustness of this method, some laboratories 
have used it for total- and free-MPA analyses in a compli-
cated biological matrix [7, 8]. Chromatographic methods 
provide good separation of MPA, AcMPAG (mycophe-
nolic acid acyl-glucuronide), and MPAG (mycophenolic 
acid glucuronide), as well as in the case of metabolite 
dissociation in the mass detector source of MPA [1, 7]. 
In contrast, cross-reactivity with metabolites is character-
istic of IAs. The most popular enzyme multiplied immu-
noassay technique (EMIT), cloned enzyme donor immu-
noassay (CEDIA), and particle-enhanced turbidimetric 
inhibition immunoassay (PETINIA) are used as IAs for 
MPA determination [7]. The estimated typical C0 (trough 
concentration) of MPA ranges from 1 to 4 µg/mL [1].

The importance of volumetric absorptive microsam-
pling techniques (VAMS) in the TDM of immunosup-
pressants is increasing annually [9, 10]. It is an alterna-
tive to frequent venipuncture, especially in the pediatric 
population. A strong point of this method may be the lack 
of phlebotomist presence during sampling and minimized 
biohazard risk. The most popular is the Mitra™ device 
produced by Neoteryx (Torrance, CA, USA), with dif-
ferent tip volumes (10, 20, and 30 µL) [9]. Instead of the 
dried-blood-spot (DBS) technique, VAMS is independent 
of the hematocrit (HT) interference and volcano effects. 
More theoretical information and analytical considera-
tions regarding VAMS have been described in previously 
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published reviews [10, 11]. Because MPA is almost exclu-
sively found in the plasma fraction, capillary blood may 
be problematic for quantifying this drug. However, some 
approaches may be introduced to convert MPAVAMS and 
MPAPL concentrations. The equation MPAVAMS / [1- HCT 
level] = MPAPL is frequently used for conversion but is 
only suitable for drugs primarily binding with PL pro-
teins [12, 13]. Some studies included the fraction bound 
to plasma protein (FBPP) factor in the above formula 
[14]. Other protocols assume that the equation obtained 
after the regression calculation (Passing-Bablok or Dem-
ing method) might be used for that conversion. However, 
this still depends on a specific set of data, and additional 
confirmation of the regression formula should be per-
formed on the independent group of samples [12].

This study aimed to develop a method for determining 
MPA levels in samples obtained using a Mitra™- VAMS 
device. Additionally, for appropriate cross-validation and 
confirmation of the utility of VAMS for MPA determi-
nation, PL–LC–MS/MS and WB–LC–MS–MS analytical 
methods were developed and validated. Two approaches 
for concentration conversion were used and compared: 
the HT-dependent formula and the equation from the 
Passing-Bablok regression. The significance of the HT 
effect and the stability of the VAMS-loaded samples were 
also evaluated. Finally, successful cross and clinical vali-
dations were performed, and conversion between MPA 
concentrations obtained from capillary blood collected 
using VAMS was initially successful for the first time.

Materials and methods

Reagents and materials

The Supplementary File (Sect. 1) provides details regard-
ing the reagents and materials used in this study.

Equipment and liquid chromatography‑tandem 
mass spectrometry conditions

The analytical platform used for MPA determination in 
VAMS, WB, and plasma consisted of an 8050 triple quad-
rupole mass detector (Shimadzu, Tokyo, Japan) coupled 
with a Nexera X2 UHPLC system (Shimadzu, Tokyo, 
Japan). Additionally, the supporting auxiliary equipment 
was adapted. The controller (CBM-20A), pump for iso-
cratic and low-pressure gradient flow with a modified 
mixer (30AD), degasser unit (DGU-20A5R), autosa-
mpler with vial racks and cooling option (SIL-30AC), 
and thermostatic prominence column oven (CTO-20AC) 
were used. The chromatographic column (150 × 3.00 mm, 
2.70  μm) Poroshell 120-EC-C18 and complementary 
guard pre-column named Poroshell UHPLC EC-C18 
(4.60 × 3.00  mm, 2.70  μm) were delivered by Agilent 
(Santa Clara, CA, USA). For appropriate chromatographic 
separation, the above column was maintained at 40 °C. 
The final mobile phase was a gradient mixture of two solu-
tions: A (pure deionized water) and B (methanol), each 
with 2.5 mM ammonium fluoride and 0.05% formic acid 
addition. The summary flow rate was set at 0.50 mL/min 
during the following 10-min LC gradient program:

1)	 From injection to 1.49 min—a total volume of 95% 
phase A and 5% phase B;

2)	 Between 1.50 and 7.49 min—the total volume is 100% 
of phase B;

3)	 Between 7.49 min and the end of the run—equilibration 
with the same as at the initial point.

The autosampler cooler was set at 5 ℃. The injection 
volume during assays was set as 10 µL with a 5.00 μL/sec 
speed of delivery into the MS detector for each examined 
matrix.

Optimization of source parameters and multiple pair 
monitoring (MRM) was established with LabSolution 5.97 

Table 1   Multiple pair 
monitoring mass spectrometry 
parameters with retention times 
of analytes

The first line in the table for each analyte describes the parameters for the quantitative pair, while the sec-
ond describes the parameters for the qualitative pair. MPA-d3 was used as an internal standard in MPA 
quantification using LC–MS/MS method. MPAG was only monitored to avoid in-source fragmentation to 
free MPA
MPA mycophenolic acid, MPA-d3 deuterated mycophenolic acid, MPAG mycophenolic acid glucuronide

Analyte Precursor ion
(m/z)

Product ion
(m/z)

Collision energy
(eV)

Dwell time
(msec)

Retention time
(min)

MPA 321.10
321.10

275.00
285.00

 − 15
 − 20

28
28

5.58

MPA-d3(internal standard) 324.00
341.00

210.00
210.00

 − 22
 − 35

28
28

5.58

MPAG(only monitored) 514.21
514.21

207.04
303.13

 − 38
 − 18

28
28

5.20
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(Shimadzu, Kyoto, Japan) method creator or experimen-
tally according to peak parameter observation. The MRM 
pairs (target-quantitative and control-qualitative pairs) are 
described in Table 1, along with the retention time of the 
analytes (RT). The proton adduct [M + H]+ was used for 
MPA and MPA-d3 monitoring, whereas [M + NH4]+ was 
used for MPAG qualitative determination, both in positive-
ion mode with electrospray ionization (ESI +). The single-
event time was set to 0.062 ms.

The first MRM pair was used for validation and patient 
sample calculations (excluding MPAG, which was only 
monitored), whereas the second pair was set as the control 
pair.

The electrospray voltage of the detector was set to 3 kV, 
and the interface, desolvation line (DL), and heat block (HB) 
temperatures were set to 150, 250, and 400 ℃, respectively. 
Argon was used as the collision-induced dissociation gas 
at 270 kPa pressure. Nitrogen was used as the drying gas 
and nebulizing gas (flow rates: 5 and 3 L/min, respectively), 
whereas air was used as the heating gas (flow rate: 14 L/
min).

Calibrators and quality control preparation

The details of the calibrators and quality controls (QC) 
preparation are provided in the Supplementary File (Sect. 2).

Patients and sampling protocol

Fifty pediatric renal transplant recipients participated in this 
study. The children were treated at the Kidney Transplanta-
tion Outpatient Clinic, Children’s Memorial Health Institute 
(CMHI), Warsaw. The patients were treated with an immu-
nosuppressive regimen of TAC (Advagraf® or Prograf®, 
Astellas, Warsaw, Poland), MMF (CellCept®, Roche AG, 
Basel, Switzerland), and glucocorticosteroid drugs. WB-
anticoagulant with EDTA was obtained before the next daily 
dose of immunosuppressive agents (MPA and TAC) via clas-
sic venous collection (part of the sample was used for PL 
collection) during regular post-transplant follow-up visits 
between November 2022 and February 2023. Samples of 
WB and PL were stored at – 20 ℃ pending the LC–MS/MS 
assay. Simultaneously, VAMS samples (finger puncture by 
a lancet) were collected by a Medical Doctor or Nurse and 
analyzed during the next two weeks (held at RT in the dark; 
stability was confirmed in the presented study (“Validation 
of methods for MPA determination in whole blood, plasma, 
and volumetric-absorptive microsampling samples”). The 
pediatric participants and their parents or legal guardians 
provided informed consent before sampling. This study was 
conducted in accordance with the Declaration of Helsinki, 
Council for International Organizations of Medical Sciences 
Guidelines, and Good Clinical Practice (GCP). This study 

was approved by the Bioethics Committee of the Children’s 
Memorial Health Institute in Warsaw (approval number and 
date: 36/KBE/2022, 19 October 2022).

Sample preparation

The details of the sample preparation are provided in the 
Supplementary File (Sect. 3).

Method validation

The validation process was performed according to the 
European Medicines Agency guidelines for bioanalytical 
method validation published in January 2023 and the Inter-
national Association of Therapeutic Monitoring and Clini-
cal Toxicology (IATDMCT) guidelines for DBS-method 
development and consensus regarding mycophenolate treat-
ment [1, 13, 16]. For each validated method (WB, PL, and 
VAMS), the following parameters were verified: selectiv-
ity, lower limit of quantification (LLOQ), calibration and 
linearity, accuracy and precision, carry-over, matrix effect 
with process efficiency and recovery, autosampler stability, 
long-term stability of the VAMS samplers, and short- and 
long-term stability of the final sample and working solu-
tions. HCT-independence experiments for MPA in VAMS 
and the incurred sample reanalysis (ISR) protocol were also 
performed. Passing-Bablok regression, Bland–Altman plots, 
predictive bias, and other correlation parameters were evalu-
ated for clinical validation.

Blank samples (without analytes) were analyzed from six 
different donors for each tested matrix (WB, PL, and VAMS) 
for selectivity evaluation. Adequate selectivity was achieved 
when the response of the interfering components was lower 
than 20% for the analyte (LLOQ) and 5% for the IS [16].

Linearity was calculated for each calibration method 
using linear 1/x weighting in the 0.10–15.0 µg/mL range 
based on the following concentration points: 0.10, 0.50, 1.0, 
2.5, 5.0, 10.0, 15.0 µg/mL. Calibration curves were con-
structed for calibration and linearity parameter evaluation. 
Blank and zero samples were simultaneously prepared dur-
ing calibration set determination. Blank samples (without 
IS and MPA) and zero samples (without MPA, but with IS) 
were prepared for interference determination during the 
chromatographic run.

The carry-over effect was experimentally evaluated in 20 
different runs by directly injecting the HQC sample immedi-
ately before the blank sample without the analytes. Accord-
ing to the EMA validation guidelines, the acceptance criteria 
for MPA are less than 20% and less than 5% for IS [16].

Accuracy is the percentage ratio determined to the refer-
ence concentration values, and precision is the percentage 
coefficient of variation (CV%). This study evaluated param-
eters within and between runs (intra- and inter-day) in six 
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repetitions for each analyzed matrix. Following EMA guide-
lines, the acceptance criteria for both parameters require that 
the mean is within 15% of the reference value, whereas the 
LLOQ should be within 20% [16].

The stability parameter was evaluated for samples in the 
autosampler (1, 3, and 5 days after storage at 5 ℃) and in 
the short term during preparation (pre- and post-preparation 
experiments for LQC and HQC). Additionally, the influence of 
conditions during the long period of loaded VAMS samplers 
was examined for LQC and HQC (1, 2, 4, 6, and 8 weeks, at 
RT and 4 °C). The long-term stability was assessed only for 
the working solutions, and the samples were not tested accord-
ing to the TDM specifications after preparation. Based on 
stability, all procedures were repeated six times for each MPA 
determination method. The stability may be acceptable if the 
differences are within the ± 15% nominal value range [13, 16].

Based on the formulas presented by Taylor et  al. and 
Zhou et al., the matrix effect (ME) was calculated after post-
extraction addition experiment testing for six different sources 
(separately for WB, PL, and VAMS samples, in LQC and 
HQC levels). Similarly, the process efficacy (PE) and absolute 
recovery (AR) ratios (expressed as percentages) were evalu-
ated for MPA and IS, including each matrix [15, 17, 18].

According to the comedication, sample inhomogeneity, 
and metabolite presence, an Incurred Sample Reanalysis 
(ISR) experiment should be performed for potential differ-
ences in observations between calibrators and samples. This 
experiment used patient samples from separate analytical 
runs performed on different days. This was repeated twice 
for each sample [n = 10] using the VAMS-LC–MS/MS, 
PL-LC–MS/MS, and WB-LC–MS/MS methods. The per-
cent difference between the initial concentration value and 
the reanalysis concentration level should be at most 20% of 
the mean for at least 67% of repetitions. The differences were 
calculated using the following formula: (repeat value–initial 
value)/mean value of both measurements and expressed as a 
percentage ratio [15, 16].

The hematocrit effect (HE) was evaluated as in our pre-
vious TAC study [15]. Thus, assuming that HE caused dif-
ferences in MPA concentrations observed between WB and 
VAMS samples, the correlation for differences in HE values 
was evaluated mathematically.

MPA concentration measurements (Fig. 1, step 1) were 
analyzed by cross-validation. Paired methods were evaluated 
using statistical tools (according to EMA guidelines) using 
Passing-Bablok regression, Bland–Altman plots, correlation, 

Fig. 1   Phases of cross and clinical validation are presented as the 
flowchart with the procedure that should be followed for each of the 
compared methods and paired samples. The algorithm is presented 
by the example of the data presented study. WB whole blood, PL 
plasma, VAMS volumetric absorptive microsampling, LC–MS/MS 
liquid chromatography-tandem mass spectrometry, HPLC–DAD high-
performance liquid chromatography with diode array detection, PB 
Passing-Bablok regression, Vamshi mycophenolic acid concentration 

corrected with hematocrit, VAMSc mycophenolic acid concentration 
corrected with regression, VAMSc_DAD mycophenolic acid concentra-
tion corrected with regression, MPE median prediction error, MPPE 
median percentage prediction error, RMSE root mean squared pre-
diction error, MAPE median absolute percentage prediction error, R2 
Pearson’s correlation, SRCC​ Spearman rank correlation coefficient, 
ICC Intraclass correlation coefficient
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and predictive performance methods. Differences between 
the methods were assessed using the Passing-Bablok regres-
sion. Two methods were set as equivalent, while 1 was 
within the 95% CI range for slope and 0 was within the 
95% CI range for intercept [19]. Based on EMA guidelines, 
differences between methods checked with the Bland–Alt-
man plot should be lower than 20% for 67% of the analyzed 
pairs [16, 20]. Instead, the clinical acceptance criterion for 
paired sample bias was < 15% for 67% of the analyzed pairs 
[13]. Correlation between the methods was assessed using 
Pearson’s and intraclass correlation coefficients (ICC). 
Following the IATDMCT guidelines for predictive perfor-
mance, the median prediction error (MPE), median percent-
age prediction error (MPPE), root mean squared prediction 
error (RMSE), and median absolute percentage prediction 
error (MAPE) were calculated (the predictive parameters 
should be lower than 15%) [13, 21]. The above analysis of 
the results is shown in steps 2 and 3 in Fig. 1.

The results obtained were used in the clinical validation 
process based on the guidelines of Capiau et al. for DBS 
validation (Fig. 3, steps 4–6) [13]. MPA concentrations were 
recalculated using the formula obtained during the cross-
validation. The results were analyzed again using the same 
statistical tools, similar to the cross-validation process.

An independent set of data—the results of MPA determi-
nation obtained using prescribed analytical methods—was 
used for the regression formula validation using the above-
mentioned statistical methods.

During the chromatogram analysis and evaluation, Lab-
Solutions software (version 5.97, Shimadzu, Tokyo, Japan) 
was used for peak marking and calibration curves by linear 
1/x weighting with the correlation coefficient of the cali-
bration curve (R2) calculation. MedCalc (version 20.218, 
MedCalc, Ostend, Belgium) and GraphPad Prism (9.5.1, 
Boston, MA, USA) were used for graph preparation, cross-
validation, and clinical comparison. All data presented in 
this study are expressed as the arithmetic mean ± standard 
deviation (SD) or the coefficient of variation (CV).

Routinely used high‑performance liquid 
chromatography coupled with diode array detection 
method (HPLC–DAD) description

The HPLC method using DAD detection was routinely per-
formed in the CMHI for MPA concentration determination 
in the patients treated with MMF. After MPA extraction 
from the serum or plasma using the liquid–liquid extraction 
(LLE) method with methylene chloride and butanol (98:2, 
v/v) evaporation using nitrogen, the dry residue was dis-
solved in the mobile phase, and 50 µL of the sample was 
injected into a C18 column with UV detection at 214 nm. 
A mixture of acetonitrile and water (36%) was used as the 
mobile phase at a 1.6 mL/min flow rate; retention time 

values were 5 and 7 min (for MPA and IS, respectively), and 
a total run time of 10 min. Oxazepam was used as the struc-
turally unrelated internal standard (URIS). The results were 
calculated using the F-factor, set at 2.6 (as the MPA-to-IS 
peak area ratio). The Pharmacokinetics Laboratory of CMHI 
regularly participated in the LGC Group (Laboratory of the 
Government Chemist, Teddington, UK) immunosuppressant 
proficiency scheme (the therapeutic reference range was suc-
cessfully calibrated in each round and set at 1.0–3.5 µg/mL).

Results

Method development

Under the established chromatographic conditions, the run 
time was set as 10 min, and the retention time values for 
the analytes were determined (see chromatograms in Sup-
plementary File–Sect. 4). MPAG was used only for co-elu-
tion and MS source-detector optimization in the presented 
experiments. According to the potential MPAG in-source 
dissociation to MPA, the MS working conditions were set 
experimentally based on the ratio between the MPAG and 
MPA peaks and the in-source product of the dissociation 
peak [22]. Additionally, MPAG and MPA were separated 
chromatographically. Different solutions were tested for 
extraction optimization: pure methanol or acetonitrile and 
their mixtures with water and purified water. According to 
our previous study, pure water is the best solvent for MPA 
extraction from VAMS. Based on our experience, the pre-
cipitation mixture is optimal for all analyte extractions from 
the VAMS tip [15]. The drying time was optimal during the 
1 h cycle. LC–MS/MS methods for all matrices were estab-
lished using the chromatographic and apparatus conditions 
described above. As organic mobile phases, mixtures of ace-
tonitrile and methanol (50:50) and pure methanol, with formic 
acid and ammonium formate or ammonium fluoride addition, 
were tested. The optimal mobile phase was methanol with 
formic acid and ammonium fluoride addition, based on the 
experiments. Ammonium fluoride was added to the mobile 
phase for appropriate monitoring of MPAG according to the 
peak height, which was experimentally optimised. For chro-
matographic separation, different columns were tested: Zor-
bax Eclipse Plus-C18 (2.1 × 100 mm, 1.8 µm; Agilent, Santa 
Clara, CA, USA), Kinetex-C18 (4.6 × 100 mm, 2.6 µm; Phe-
nomenex, Torrance, CA, USA), Hypurity-C18 (50 × 2.10 mm, 
3 µm; ThermoScientific, Waltham, MA, USA) and mentioned 
above—Poroshell. Only the latter method ensured appropriate 
separation and optimal retention times.

Representative chromatograms of the blank sample, 
HQC, and LQC calibrators are presented in the Supplemen-
tary File (Sect. 4).
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Fig. 2   Evaluation of VAMS stability under different conditions 
[n = 4]. The stability was evaluated using two calibration levels of 
mycophenolic acid—LQC and HQC (0.35  µg/mL and 12.50  µg/
mL, respectively) in different storage conditions (at RT with access 
to light and in the dark, and at 4 ℃ and – 20 ℃, both in the dark). 
The analyte in the VAMS sampler was stable during the six weeks 

in all storage places at both calibration levels. Stability is expressed 
as a percentage ratio to initial stability (100%). RT room temperature, 
RT (dark) room temperature in the dark condition, LQC lower qual-
ity control concentration, HQC higher quality control concentration, 
VAMS volumetric absorptive microsampling

Fig. 3   Scatter diagram showing the effect of the hematocrit (pre-
sented as cold/hot map of correlation between WBMPA(LC–MS/MS) 
and VAMSMPA(LC–MS/MS) concentrations differences). The cor-
relation coefficient of the presented data was lower than zero 
(− 0.02596, − 0.31717 to 02696 for 95% CI), confirming that HT 
level does not influence analyte recovery from the VAMS sampler. 

WBMPA(LC–MS/MS) MPA concentration in whole blood measured using 
tandem-mass liquid-chromatography analytical method (without 
correction), VAMS MPA(LC–MS/MS) MPA concentration in volumetric 
absorptive micro sample measured using tandem-mass liquid-chro-
matography analytical method (without correction), HT hematocrit 
level, VAMS volumetric absorptive microsampling
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Validation of methods for MPA determination 
in whole blood, plasma, and volumetric‑absorptive 
microsampling samples

The LC–MS/MS methods for WB and PL were validated 
in the 0.10–15 µg/mL calibration range, using MPA-d3 as 
the IS.

Whole blood and plasma

In both matrices, linearity was assessed based on ten 
calibration curves using linear 1/x weighting. The sum-
marized mean R2 was 0.9984 ± 0.0013, and the mean 
calibration equation was y = 0.9821x + 0.011 for WB and 
0.9994 ± 0.0013 and y = 1.004x – 0.037 for PL. A calibration 
curve was constructed using seven concentration levels, with 
zero and blank samples. Signal-to-noise ratio (S/N) was used 
for LLOQ experimentally establishment–0.10 µg/mL in WB 
and PL. Chromatograms were analyzed according to inter-
ferences caused by unknown or endogenous substances from 
the matrix (lower than 15% of 0.10 µg/mL in both meth-
ods). The precision and accuracy of MPA concentrations for 
both matrices at the LQC, MQC, and HQC were within the 
EMA and IATDMCT acceptance ranges (accuracy within 
85–115%, imprecision less than 15%, and less than 20% for 
LQC, and CV < 10% respectively) [7, 13, 16]. The carry-
over effect was insignificant and fulfilled the EMA criteria 
for MPA and IS (0.9838 ± 0.4157% and 0.223 ± 0.082%, 
respectively) [15]. Similarly, the plasma carry-over effect 
was insignificant for MPA and IS (0.823 ± 0.452% and 
0.268 ± 0.018%, respectively). WB and PL samples were 
stable at 5 °C for LQC and HQC in the autosampler (n = 6; 
initial day 1–3 and after the 5-day checkpoint), fulfilled 
the acceptance criteria, were satisfactory, and were stable 
before and after extraction [n = 6; for LQC and HQC]. The 
ME, AR, and PE were calculated after the pre- and post-
extraction experiments. The above parameters characterized 
the matrix effects in the WB, and the PL fulfilled the EMA 
acceptance criteria [16]. For the ISR experiment, the %-dif-
ference between pairs of the sample was lower than 20% for 
80% of WB samples (mean: − 4.07 ± 4.85) and 70% of PL 
samples (mean: − 6.68 ± 7.15). The summarized validation 
results are presented in the Supplementary File (Sect. 5).

Volumetric‑absorptive microsampling samples (VAMS)

Linearity was assessed based on 10 calibration curves (each 
with seven concentration levels, with zero and blank sam-
ples) using linear 1/x weighting; the summarized mean 
R2 was 0.998 ± 0.001, and the calibration equation was 
y = 0.9678x – 0.005. In this case, signal-to-noise ratio 
(S/N) was also used for LLOQ experimentally establish-
ment–0.10 µg/mL. Unknown or endogenous substances did 

not interfere in assays (lower than 15% of 0.10 µg/mL). The 
precision and accuracy evaluation results of MPA concentra-
tions at the LQC, MQC, and HQC were within the EMA and 
IATDMCT acceptance ranges (accuracy within 85–115%, 
imprecision less than 15% and less than 20% for LQC, and 
CV < 10% respectively) [7, 13, 16]. The carry-over effect 
was insignificant and fulfilled the EMA criteria for MPA and 
IS (0.5070 ± 0.1236% and 0.1600 ± 0.041%, respectively) 
[15]. Stability at 5 °C for LQC and HQC in the autosampler 
(n = 6; initial day 1–3 and after 5-day checkpoint) fulfilled 
the acceptance criteria and was satisfactory, as well as sta-
bility before and after extraction [n = 6; for LQC and HQC]. 
The ME, AR, and PE were calculated after the pre- and 
post-extraction experiments. The parameters characterized 
by matrix effects fulfilled the EMA acceptance criteria [15]. 
The summarized validation results are presented in the Sup-
plementary File (Sect. 5).

Loaded VAMS sampler stability was evaluated for LQC 
and HQC under different storage conditions (at RT in the 
dark, at RT with access to light, and at 4 ℃ and – 20 ℃, 
both at night) with a variable time of observation (1, 2, 4, 6, 
and 8 weeks). The analyte was stable at both concentrations 
during six weeks of storage at RT and 4 ℃ (both in the dark). 
Only in the case of freezing (− 20 ℃) VAMS was stable 
during the observation period (8 weeks). The results of the 
stability tests are shown in Fig. 2.

The effect of HT was evaluated for each patient 
included in the study. The Pearson correlation coefficient 
was − 0.02596 (− 0.3171 to 0.2696, 95% CI), confirming that 
no correlation was observed in this case. The results are 
presented as a scatter diagram in Fig. 3.

For the ISR experiment, the % difference between 
pairs of samples was lower than 20% for 80% of samples 
(mean: − 10.73 ± 6.86) and consequently fulfilled EMA 
acceptance criteria [13, 16].

Patient’s clinical data

An overview of the patient’s demographic data is presented 
in the Supplementary File (Sect. 6).

Clinical and cross‑validation

The quality of the VAMS samples was satisfactory (only two 
tips were excluded from the study because of the unloading 
of capillary blood). Clinical and cross-validation were based 
on 150 samples (three samples from each patient included 
in the study: WB, PL, and VAMS concentrations). A sum-
mary of the cross-validation process is provided in Fig. 4 as 
regression and Bland–Altman graphs. The data from the sta-
tistical analysis of the paired compared methods are shown 
in Table 2.
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Passing-Bablok regression demonstrated equivalence 
between VAMS-LC–MS/MS and WB-LC–MS/MS (Fig. 4a 
and Table 2). The Bland–Altman plot describes the mean 
bias for the paired methods shown in Fig. 4b. The mean 
difference in the case of WB/VAMS revealed that the meth-
ods were acceptable according to EMA acceptance criteria 
(< 20%) but not in the case of IATDMCT criteria (< 15%). 
The WB method for MPA determination has been validated 
to check the equivalence between concentrations in WB and 
VAMS samples [7, 13, 16]. Parameters characterized by pre-
dictive performance fulfilled the IATDMCT criteria in the 
case of VAMS-LC–MS/MS and WB-LC–MS/MS method 
confirmation; the values were lower than 15%.

Interchangeability has also been confirmed for paired 
results from routinely used HPLC–DAD and reference 
LC–MS/MS methods (regression: y = 1.01x + 0.11; slope: 
1.01, 0.91 to 1.13; intercept: 0.11, − 0.24 to 0.30, 95% CI; 
see Fig. 4c). The mean bias based on the Bland–Altman 
plot fulfilled the EMA and IATDMCT criteria (Fig. 4d) [12, 
15]. High correlation factors were also observed: 0.93 and 
0.96 (Pearson and ICC). The predictive performance ratio 
was < 15%.

To establish the correction formula, the VAMS/PL MPA 
concentration was recalculated according to two approaches: 
regression Eq. (1) or formula with HT (2) [13]:

(1)The correction formula ∶ y = 1.60x + 0.08
(

where y = CMPAin PL and x = CMPAin VAMS
)

is presented in Fig. 4e

Regression equation (corrected MPAVAMSc/MPA-
PLASMA): y = x – 0.01 (slope: 1.00, 0.90, 1.11, 95% CI; inter-
cept: − 0.01, − 0.27 to 0.19, 95% CI), is presented in Fig. 5a.

Bland–Altman plot—mean bias: 4.76% (− 1.11 to 
10.64, 95% CI) – 86% of paired samples fulfilled EMA 
criteria (< 20%), while 72% of paired samples fulfilled the 

IATDMCT criteria (< 15%), presented in Figures: 4f (before 
conversion) and 5b (after conversion).

Predictive performance: MPPE, MAPE, and RMSE were 
lower than 15% (mean values: 9.20%, 13.38%, and 12.21%, 
respectively). Paired results were highly correlated.

The regression equation (cor rected CMPA_Ht/
CMPA_PLASMA): y = x – 0.13 (slope: 1.00, 0.92–1.09, 95% 
CI; intercept: − 0.13, − 0.35 and 0.03, 95% CI) is presented 
in Fig. 5c.

Bland–Altman plot mean bias: + 10.90% (5.24 to 16.56, 
95% CI) – 88% of paired samples fulfilled the EMA criteria 
(< 20%), whereas 78% of paired samples fulfilled the IAT-
DMCT criteria (< 15%) (Fig. 5d).

Predictive performance MPPE, MAPE, and RMSE were 
lower than 15% (mean values: 7.03%, 14.02%, and 12.14%, 
respectively). Paired results were highly correlated.

The results were statistically similar to the PL concen-
tration obtained from the formula with HT. Therefore, the 
regression formula above was used for the calculations.

Because the HPLC–DAD method is still used for rou-
tine monitoring of MPA in the CMHI, cross-correlation and 
clinical validation were also performed between the VAMS 
and HPLC–DAD paired samples. However, statistical analy-
sis denied interchangeability between VAMS-LC–MS/MS 
and HPLC–DAD methods (see Figs. 4g and h); the obtained 
regression formula was used for VAMS results conversion 
to MPA therapeutic range based on HPLC–DAD (statisti-
cal details shown in Table 2). The converted VAMS results 
using the prescribed formula fulfilled almost all require-
ments during clinical validation, except for the MAPE pre-
diction factor (see Figs. 5e, f, and Table 2).

The results of MPA determination in an independ-
ent group of patients [n = 30] (not included in the above-
described cross- and clinical validation) were compared 
using statistical tools used for method comparison. When 
the VAMS–LC–MS/MS analysis results were recalculated 
using the regression formula and compared in the next step 
with the PL–LC–MS/MS results, they entirely fulfilled the 
acceptance criteria. Pearson’s correlation coefficient equals 
0.99 (0.96–0.99; 95% CI), while the slope was set at − 0.03 

(2)
Correction formula ∶ CVAMS−MPA∕ [1 − HCT level] = CPL−MPA

(ranging from − 0.54 to 0.06), and the intercept was set at 
0.98 (ranging from 0.80 to 1.29). The mean percentage bias 
was calculated as − 0.80% (ranging from − 4.80 to 4.64), 
and more than 67% of paired samples fulfilled EMA (pref-
erence < 20%) as well as IATDMCT (preference < 15%) 

Fig. 4   Passing-Bablok regression curves (a, c, e, g) and Bland–Alt-
man plots (b, d, f, h) for cross-validation of the methods before 
conversion using hematocrit and regression formulas. Compared 
methods are described on the axis in each presented case. Data are 
presented as red circle points for all paired samples. The regres-
sion line, diagonal line, and confidence interval curve are presented 
as blue, red dotted, and blue area, respectively, on Passing-Bablok 
regression curves (a, c, e, g). The limit of agreement and the aver-
age difference are presented in red dotted lines and blue line, respec-
tively, on Bland–Altman plots (b, d, f, h). In contrast, average bias 
is presented as a percent value with ± 1.96SD range. VAMS volu-
metric absorptive microsampling, LC–MS/MS liquid chromatogra-
phy-tandem mass spectrometry, HPLC–DAD high-performance liq-
uid chromatography with diode array detection, MPAVAMS-LC–MS/MS 
mycophenolic acid concentration in VAMS sample determined LC–
MS/MS, MPAWB-LC–MS/MS mycophenolic acid concentration in whole 
blood sample determined LC–MS/MS, MPAPL-LC–MS/MS mycophe-
nolic acid concentration in plasma sample determined LC–MS/MS, 
MPAPL-HPLC–DAD mycophenolic acid concentration in plasma sample 
determined HPLC–DAD

◂
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Fig. 5   Passing-Bablok regression curves (a, c, e) and Bland–Alt-
man plots (b, d, f) for clinical validation of the methods after con-
version before conversion using hematocrit and regression formu-
las. Compared methods are described on the axis in each presented 
case. Data are presented as red circle points for all paired samples. 
The regression line, diagonal line, and confidence interval curve 
are presented as blue, red dotted, and blue area, respectively, on 
Passing-Bablok regression curves (a, c, e). The limit of agreement 
and the average difference are presented in red dotted lines and blue 
line, respectively, on Bland–Altman plots (b, d, f). In contrast, aver-
age bias is presented as a percent value with ± 1.96SD range. VAMS 
volumetric absorptive microsampling, LC–MS/MS liquid chroma-

tography-tandem mass spectrometry, HPLC–DAD high-performance 
liquid chromatography with diode array detection, MPAVAMS-LC–MS/MS 
mycophenolic acid concentration in VAMS sample determined LC–
MS/MS, MPAWB-LC–MS/MS mycophenolic acid concentration in whole 
blood sample determined LC–MS/MS, MPAPL-LC–MS/MS mycophe-
nolic acid concentration in plasma sample determined LC–MS/MS, 
MPAPL-HPLC–DAD mycophenolic acid concentration in plasma sam-
ple determined HPLC–DAD, MPAVAMSHt-LC–MS/MS mycophenolic 
acid concentration corrected with hematocrit, MPAVAMSc-LC–MS/MS 
mycophenolic acid concentration corrected with regression, MPA-
VAMSc_DAD-LC–MS/MS mycophenolic acid concentration corrected with 
regression
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acceptance criteria. The predictive performance ratio 
was < 15%.

The summarized results of the MPA measurements 
obtained using different sampling techniques and analytical 
methods are shown on a multi-point graph (Fig. 6). A table 
presenting the results of the MPA determination is provided 
in the Supplementary file (Sect. 7). For each patient, includ-
ing the clinical validation.

Discussion

This study presented successfully validated methods of MPA 
quantification in PL, WB, and VAMS capillary blood. In 
addition to the analytical aspect of method development, 
cross-validation, and clinical validation were performed 
in the pediatric population after renal transplantation. We 
developed a method for MPA determination in WB but only 
compared the MPA levels. The MPA levels in the WB and 
VAMS samples were notably lower than those in the PL. 
Therefore, the results should be interpreted carefully, and 

a new therapeutic range is required. The MPA concentra-
tion was lower in WB than in PL because of the dilution 
effect in WB [23, 24]. On the other hand, a more straight-
forward approach is based on MPA concentration conver-
sion from WB to PL levels based on previously validated 
conversion formulas, as in the present study. However, only 
this approach allowed for comparing MPA concentrations in 
VAMS-based capillary blood and WB.

The main reasons for MPA monitoring are inter- and 
intra-individual dose/exposure relationships, adverse 
effects, and confounding factors such as food-drug interac-
tions [1–4].In the pediatric population, close monitoring of 
MPA is essential for recognizing and evaluating adherence 
to therapy. Clinical validation of the method after analytical 
validation is necessary to ensure the reliability of the results. 
Only five studies have described clinical proof of MPA 
determination using VAMS [24–28]. Previously published 
studies have been performed in adult liver or renal transplant 
recipients. The relative differences in the corrected MPA 
concentrations evaluated by Paniagua-Gonzalez in the two 
studies were − 3.95% and 2.04%, respectively, while 95% 
and 75% of paired samples were within the acceptance bias 

Fig. 6   MPA determination results using different methods for each 
pediatric patient after renal transplantation—presented diagram 
included concentrations before and after conversion using formu-
las based on hematocrit value and Passing-Bablok regression model 
[n = 50]. The patient’s blinded numbers were assigned randomly. 
The meaning of using points, shapes, and colors is described in the 
legend on the graph. MPAVAMSHt-LC–MS/MS mycophenolic acid con-
centration corrected with hematocrit, MPAPL-HPLC–DAD mycophe-

nolic acid concentration in plasma sample determined HPLC–DAD, 
MPAPL-LC–MS/MS mycophenolic acid concentration in plasma sample 
determined LC–MS/MS, MPAVAMSc-LC–MS/MS mycophenolic acid con-
centration corrected with regression, MPAVAMS-LC–MS/MS mycophe-
nolic acid concentration in VAMS sample determined LC–MS/MS, 
MPAWB-LC–MS/MS mycophenolic acid concentration in whole blood 
sample determined LC–MS/MS, VAMS volumetric absorptive micro-
sampling
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range (± 20%) [24, 25]. Zwart et al. qualified 17.7% of the 
paired samples within the mentioned range and 84.4% after 
correction using a regression equation [26]. The relative dif-
ference evaluated using the Bland–Altman plot was equal to 
7%. In this study, samples were collected at pre-dose (C0) 
and post-dose concentrations (C1, C2, C3; 1, 2, 3 h after drug 
administration, respectively) [26]. In other studies, paired 
time points were collected (before and after drug dosage) 
or only for trough concentration measurements (as in the 
present study). In a study by Wang et al., the mean bias 
was − 1.5% and more than 85% of paired samples fulfilled 
the EMA and clinical acceptance criteria (± 20 and 15%, 
respectively, for 67% of paired samples) [16, 27]. In the lat-
est study, average bias and MAPE were − 5.3% and 9.50%, 
respectively, which fulfilled established criteria. Similar to 
our research, the ISR experimental results fulfilled the EMA 
criteria (84% of samples met the acceptance criteria) [28].

Recently published a comprehensive review of VAMS, 
graded assays according to their clinical utility, and applica-
tions for further studies [14]. Almost all published methods 
for MPA quantification have qualified into the category char-
acterized as suitable for clinical use (negligible HT Effect, 
good cross-validation results, and high recovery values), 
which proved relatively high usability for TDM [14].

Following the study by Koster et al. MPA concentra-
tions in VAMS samplers may be considered stable at RT, 
37 °C, and – 20 ℃ for 60, 30, and 50 days, respectively [23]. 
Similar results were obtained in Paniagua-Gonzales study 
[24, 25]. Wang et al. reported a deviation of less than 15% 
for MPA concentration after storage at 4 ℃, whereas it was 
higher for VAMS stored at RT. In our study, MPA was stable 
at RT and 4 °C in VAMS for approximately 42 days. Pref-
erably, the tips should be kept at RT in the dark to achieve 
higher stability. The limited stability of MPAG may cause 
its overestimation during long-term storage.

Our study showed the interchangeability of HPLC–DAD 
and LC–MS/MS methods owing to satisfactory regression 
parameters in the tested calibration range. However, these 
methods are similar; the higher sensitivity and selectivity of 
the LC–MS/MS method are considered the main benefits. 
Based on the variable calibration range, LC–MS/MS is the 
method of choice for simultaneous determination with other 
immunosuppressants [7, 23]. In this study, clinical validation 
of the regression formula was successful, in contrast to pre-
viously published studies [24–28]. However, the prescribed 
conversion may have been performed in an independent 
sample (not included in the validation). Still, on the other 
hand, more data for multi-center validation between groups 
and confirmation of the prescribed formula should be per-
formed in the case of different specific samples.

The present study has some limitations. First, the pedi-
atric population included in the study was relatively large; 

however, samples were obtained only once for trough con-
centration measurements. It should be noted that the vali-
dated method concentration range was established directly 
according to the trough concentration measurements. One 
of the main limitations of VAMS-based immunosuppres-
sant determination is the limited access to proficiency 
testing schemes (PT). High interlaboratory variability 
(ranging from 13.2% to 18.2% for TAC and other immuno-
suppressants), concluded by Veenhof et al. in a pilot PT of 
immunosuppressants in VAMS, confirmed that standardi-
zation and external harmonization are strictly needed [29].

Conclusions

The developed and fully validated methods were success-
fully applied to MPA measurements in VAMS samples, 
PL, and WB. The VAMS strategy is strictly beneficial 
owing to limited access to pediatric transplant clinics and 
experience with the SARS-CoV-2 pandemic restrictions. 
Furthermore, the method developed in this study can be 
used to monitor adherence to immunosuppressive therapy. 
To the best of our knowledge, this is the first LC–MS/MS 
method used for MPA determination in VAMS samples 
obtained from a pediatric population. The successful clini-
cal validation of the conversion formula-based regression 
model is a primary contributor to the literature and VAMS 
implementation for MPA measurements in the pediatric 
population, which has not been described previously in 
the literature.
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