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ABSTRACT

Introduction: dose adjustment of antibiotic drugs is fundamental in critically ill patients and newborns, who may
experience inadequate exposure of these drugs due to different pharmacokinetics (PK) and pharmacodynamics (PD)
compared to other patients. Despite the increasing use of microsampling devices such as Dried Blood Spot (DBS)
and Volumetric Absorptive Microsampling (VAMS) in paediatric clinical practice, little is reported on the comparison
between these two devices in terms of B-lactam antibiotics quantification.

Methods: a method using high-performance liquid chromatography coupled with tandem mass spectrometry (UHPLC-
MS/MS) for the simultaneous determination of amoxicillin, ampicillin, meropenem and cefadroxil from both DBS and
VAMS has been evaluated. More specifically, we investigated the influence of some well-known critical pre-analytical
parameters, such as blood haematocrit, blood spot volume and sample recovery approach on the results obtained with
DBS-based and VAMS-based analytical methods.

Results: our results show that comparable trueness and precision values can be achieved using both DBS- or VAMS-
based methods. However, the latter was not affected by blood haematocrit value, whereas accuracy of the DBS-based
approach was influenced by parameters as haematocrit, blood spot approaches (by pipette or hanging drop) and spot
recovery procedures (DBS cut or punch). For the B-lactams tested, a significant longer stability was found for samples
absorbed on DBS, when samples were stored at 4°C.

Discussion: our data support the use of VAMS as preferable devices for B-lactam determinations, while more attention
needs to be devoted to different pre-analytical variables for an accurate DBS quantification.
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INTRODUCTION

Antibiotics exert their efficacy when circulating levels
exceed the minimum inhibitory concentration (MIC) for a
target pathogen and, for a defined period in case of time-
dependent antimicrobials such as B-lactams (1). If drug
levels fall below the effective therapeutic range, patients
could experience inadequate exposure to antibiotics
that might lead to selection of drug-resistant bacterial
subpopulations (1). Therapeutic Drug Monitoring
(TDM) is highly recommended to maintain trough
drug concentrations within the effective therapeutic
range, especially in children and newborns where drug
adsorption, distribution, metabolism, and elimination is
different from adults and specific pharmacokinetics (PK)

and pharmacodynamics (PD) studies in these patients
are currently lacking (1-7). The evaluation of correct drug
concentrations for the paediatric population is critical also
because drug dosage is commonly calculated based on
adult treatments and only adjusted for body weight or
body surface area (5). In addition, the uprising concern
regarding the spreading of multidrug resistant strains
has boosted new interest in investigating the efficacy of
antimicrobial drugs also at higher doses.

Unfortunately, a correct TDM of time-dependent
antimicrobials requires large blood volume sampling
several times a week, strongly limiting this approach
especially in neonates where a maximum of 2.5% of total
blood volume/draw or 5% of total blood volume in a 30-
day period is recommended (8).
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Microsampling techniques have been developed
to reduce sample volume needed for TDM and other
analyses: dried blood spot (DBS) sampling coupled
with liquid chromatography tandem mass spectrometry
(LC-MS/MS) is frequently used to detect various
biomarkers in newborn screening studies, TDM, or
for illicit drug detection (9). However, several technical
issues negatively affect DBS sampling accuracy and
limit its use for quantitative analyses (9). In particular,
the intrinsic difficulty of collecting precise blood volumes
and variability of the hematocrit values strongly affect the
results obtained by analyzing DBS. Recently, Volumetric
Absorptive Microsampling (VAMS) devices have been
introduced as a promising sample collection technique
for quantitative drug analysis allowing automatic and
accurate collection of a fixed blood volume (10 - 20 pL)
directly from a finger prick (10). VAMS could overcome
several drawbacks encountered in DBS sampling,
including uncertainty of blood volume in sub-punched
specimens, hematocrit bias and spot heterogeneity (9, 11-
13). Several TDM methods were successfully developed
over the years using either DBS or VAMS for monitoring
antiepileptic, antiblastic or antipsychotic drugs, and, more
recently, monoclonal antibodies (11, 14-17)".

Other recent works have described the use of DBS or
VAMS methods for the measurement of aminoglycosides,
including vancomycin, gentamicin, tobramycin, netilmicin,
amikacin (18,19), and B-lactams, such as piperacillin and
meropenem (9,20-21). Although VAMS microsampling
technique is taking hold in latest years compared to DBS,
there is still a limited number of studies that directly compare
the two techniques, especially for B-lactams (9,11) .

In this study, we developed and validated two
analytical methodologies based on the use of DBS or
VAMS devices for the simultaneous measurement of
four B-lactams [amoxicillin (AMOX), ampicillin (AMP),
cefadroxil (CDX), and meropenem (MEM)]. We compared
results obtained from these two microsampling devices
using the same organic extraction procedure and LC-MS/
MS analysis settings, and we evaluated also the effects
of pre-analytical sample variables, such as hematocrit,
on accuracy of the method. Finally, we monitored short
and medium-term storage stability of B-lactam-containing
samples, using both microdevices.

METHODS
Chemicals and reagents

Formic acid, ultra-grade water and methanol were
from Romil (Waterbeach Cambridge, UK). Antibiotics
(AMP, AMOX, MEM, and CDX) were from Sigma-
Aldrich (St Louis, MO, USA). Reference Standard grade
Amoxicillin-d4 was obtained from Cayman Chemical
(Michigan, USA). Whatman 903 protein saver filter
paper cards DBS devices were from GE Healthcare Ltd
(Cardiff, UK). Mitra® Clamshell 10 yL VAMS devices
were from Neoteryx, LLC (Torrance, CA, USA). Whole
blood for preparation of quality control (QC) samples and

calibration curves was obtained from healthy volunteers
recruited at the Transfusion Medicine Unit, University
Hospital “San Giovanni di Dio e Ruggi d’Aragona” of
Salerno after signing informed consent and in accordance
with the 2013 Helsinki Declaration (22). Whole blood was
collected in BD Vacutainer® tubes containing 2, 2', 2",
2"-(Ethane-1,2-diyldinitrilo) tetra acetic acid (EDTA) as
anticoagulant.

Instrumentation

Analyses were performed with high performance
liquid chromatography coupled with tandem mass
spectrometry  (UHPLC-MS/MS). The LC-MS/MS
analysis system consisted of an UHPLC (Ultra-High-
Performance-Liquid-Chromatography) UltiMate
3000 Dioneex® chromatograph from Thermo-Fisher
Scientific™ (Waltham, Massachusetts, USA) equipped
with a binary pump, a refrigerated autosampler and a
thermostatted chromatographic column coupled to the
TSQ Endura™ mass spectrometer (MS) from Thermo-
Fischer Scientific™ (Waltham, Massachusetts, USA),
equipped with electrospray ionization (ESI) source and a
triple quadrupole analyzer (QqQ).

Stock solutions

Antibiotics and Amoxicillin-d4 (IS) were dissolved
in saline solution at a final concentration of 1 mg/mL
(stock solution) and stored at -20°C until use. A working
solution was prepared by mixing each antibiotic stock in
saline solution at a final concentration of 500 ug/mL. The
working solution was prepared in ultra-grade water at a
final concentration of 50 ug/mL. All solutions were stored
at —20°C until use.

Chromatography and mass-spectrometry

Chromatographic separation was performed using a
Phenomenex Luna Omega C18 column (50 x 2.1 mm;
1.6 um particle size) (Phenomenex, Torrance, CA, USA).
Compound elution was obtained using a two-component
mobile phase: 0.1% formic acid in water (eluent A) and
0.1% formic acid in acetonitrile (eluent B). The following
multi-step gradient was optimized: from 0 to 2.2 min 5% B,
2.2t02.5min 20% B, 2.5 t0 3.3 min at 90% B, at 3.5 return
to initial conditions and equilibration of the column at 5%
B up to 4.5 min. Flow rate was 0.4 mL/min and column
temperature was 20°C. Injection volume was 5 pL and all
samples were analyzed in triplicate. Mass spectrometric
analyses of antibiotics and IS were carried out in multiple
reaction monitoring (MRM) and electrospray positive
mode. For each analyte, a precursor ([M+H]+; m/z) and
two products (quantifier and qualifier) were identified by
direct infusion of pure molecules (10 pg/mL in ultra-grade
water and methanol, 50/50, v/v): AMOX, 366.3 — 114
and 208.1; AMP, 350.2 — 106.2 and 191.9; MEM, 384
— 141.4 and 339.9; CDX, 364.4 — 208 and 114; and IS,
370.4 — 354 and 213. Retention time, collision energy,
and RF lens values are reported in Figure 1. MS data

1 The reader is referred to the references included in n. 11 for more details
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were acquired using XCalibur and processed with Qual
Browser software (v.4.0.27.10; Thermo Scientific).

Sample preparation

Whole blood samples were spiked with antibiotics
at different concentrations in the presence of EDTA as
anticoagulant. Calibration samples were prepared at the
following antibiotic concentrations: 0.5, 1, 2.5, 5, 10, 15,
25 and 35 pg/mL. QC samples were prepared to obtain
different target concentrations of 2 (low QC = LQC), 8
(medium QC = MQC) and 20 (high QC = HQC) pg/mL,
respectively. DBS samples were prepared by spotting 20
WL of whole blood on filter paper, that were then air-dried
over night at room temperature (RT). Unless otherwise
stated, DBS were cut through the edges of blood spots.
VAMS samples were arranged by adsorbing 10 pL of
whole blood on VAMS tip, air-dried over night at RT.
VAMS globous hydrophilic tips were then detached from
the handler. Both DBS and VAMS tips were placed in
2 mL tubes and processed using the same extraction
protocol.

Sample extraction

After air-drying, DBS and VAMS were placed in 2
mL Eppendorf tubes, 50 pL of ultra-grade water were
added, samples were vortexed for 10 seconds and
incubated for 10 min in a water-bath at 37°C. Afterwards,
200 pL of 80% methanol were added, samples were
vortexed for 30 seconds and sonicated for 10 minutes.
Supernatants were then transferred to1.5 mL Eppendorf
tubes and centrifuged for 10 minutes at 4°C and 16 000g
in a benchtop Eppendorf microcentrifuge 5415R (Sigma-
Aldrich). IS was added to 100 pL of clear extracts to a
final concentration of 2 yg/mL. Finally, the extracts were
transferred to appropriate vials for analysis.

Molecular

weight ESI

Structure mode

Molecule

Precursor  Products
(m/z)

Analytical procedure validation

The method was validated according to D’Avolio et
al. guidelines for analytical procedure validation (23).
In particular, the following parameters were evaluated:
selectivity, specificity, absence of carry-over, lower limit
of detection (LLOD) and quantification (LLOQ), linearity
in a range of concentrations from 0.5 to 35 pg/mL,
matrix effect (ME), extraction recovery (ER), stability,
precision and trueness. Selectivity was assessed using
six individual sources of blank whole blood, individually
analyzed and evaluated for interference. Absence of
interfering components was accepted when the response
was less than 20% of the LLOQ for the analyte and 5% for
the IS. Specificity was evaluated based on consistency
of retention times across runs and the presence of both
products (quantifier and qualifier) in a constant ratio (1.6
for AMP; 1.4 for AMOX, 2.5 for MEM and 1.2 for CDX).
The LLOD was defined as the lowest concentration at
which the analytical test can detect the analyte signal
(S), discriminating it from the background noise (N)
(LLOD: S/N 23). The LLOQ is the lowest concentration
at which precision and trueness were within 20% with a
peak intensity at least 5 times higher than baseline noise
(LLOQ: S/N 25). Linearity was evaluated using a 9-point
calibration curve, including a zero sample (processed
matrix with IS), and using LLOQ as first point of the curve.
The potential occurrence of carry-over was assessed by
injecting a blank DBS/VAMS-extracted sample (without
antibiotics) after a DBS/VAMS-extracted sample at final
antibiotic concentration of 35 yg/mL. ER was evaluated
for each analyte at three concentrations: LQC, MQC
and HQC. ME, defined as modifications in ionization
efficiency of target analytes, is caused by the presence
of interfering compounds in the matrix co-eluting with
the analyzed molecules (13,14). ME was evaluated by
spiking three different concentrations of each analyte for

Retention
time

Collision

Energy RF lens

(m/z)

(g/mol) (min) (V)
Amoxicillin ; 14 2 115
XY mrx 3654  [MzH] 3663 1.02
- 208.1 13 15
Ampicillin 2
I 106.2 10 139
N
[ 3944 [MzH] 3502 1.93
A 191.9 12 139
Meropenem |
1 1414 14 156
{31 & 3834 [MzH] 384 1.62
: 339.9 10 156
Cefadroxil
208 10 128
{ 3633 [MzH] 3644 1.62
i 114 18 128
Amoxicillind4
7 354 10 139
&~ T 369.4 [M=H] 3704 1.02
| W
{1 213 12 139

Figure 1
Mass spectrometry and chromatography parameters

ESI, electrospray ionization; RF, Rear Focus
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DBS (0.16, 0.64 and 1.6 yg/mL) and VAMS (0.08, 0.32
and 0.8 pg/mL) in blank DBS/VAMS-extracted samples
or in 64% water/methanol solution (v/v). Precision and
trueness were assessed by analyzing LLOQ (0.5 pg/
mL), LQC, MQC, HQC and upper limit of quantification
(ULOQ) (35 pg/mL) samples on five non-consecutive
days, using a two days interval between the different
inter-day analyses. Ten replicates of each sample were
analyzed to assess the intra-day precision. Stability was
evaluated by analyzing QCs in triplicate. Short term and
medium-term stability were evaluated at baseline and
after 48 hours and 7 days of storage at RT, 4°C, -20°C
and -80°C. All experiments were run in triplicate.

Calculations and statistical analysis

Peak areas for each compound were collected using
Qual Browser software and results presented as peak
area of analyte/IS ratios. Data were analyzed using
Prism (v.8.0.1; GraphPad software, Inc., La Jolla, CA).
Statistical analyses were performed with R software.
For linearity, peak areal/lS ratios were plotted against
analyte concentrations and linear regression analysis
was performed. Slope and correlation coefficient
were calculated for each calibration curve. For ER
determination, peak areas of each antibiotic were
measured from DBS/VAMS-extracted samples spiked
with antibiotics before (A) or after (B) extraction. ER was
then calculated as (A/B) x 100 (10). For ME evaluation,
peak areas of analytes were collected from QCs spiked
with antibiotics after extraction (A) or in pure solutions
(B), and ME calculated as percentage of (A/B) (10). Intra-
day precision (%CV = (SD/Mean) x 100 was considered
acceptable when <15%. Trueness was assessed based
on % bias estimated as follows:

%bias = [(analytical value—theoretical value)/theoretical value]x100.

Method imprecision was evaluated by One Way ANOVA.
The percent of degradation (%D) for each molecule was
calculated as follows:

%D = [(calculated concentration at point zero—calculated
concentration at day n)/calculated concentration at point zeroJx100

Where n indicates the day of storage. The acceptance
of back-calculated values was + 15% of theoretical ones.

Hematocrit effect

To evaluate hematocrit effects on accuracy of VAMS-
and DBS-based methods, an aliquot of whole blood without
manipulation was used for QC preparation (non-corrected,
NC); the remaining blood was centrifuged at 3 500g for 10
minutes at +4°C, hematocrit was determined, and volumes
of plasma were removed to obtain final hematocrit levels
of 40% and 60%. Blood samples were then gently
inverted to mix solid and liquid phases, and QCs were
prepared as described above.

biochimica clinica, 2022, vol. 46, n. 2

Influence of spotting and punching method on
DBS precision and trueness

To better define the influence of different type of
spotting and recovery procedures on DBS-based
method accuracy, QCs were prepared at LQC, MQC
and HQC concentrations and two different hematocrit
values were used (M-HT: “medium” hematocrit —40%
and H-HT: “high” hematocrit -60%). Each QC sample
was divided in two aliquots which were absorbed on
VAMS tips or spotted on DBS, using different spotting
and recovery procedures. Briefly, DBS replicates of the
same QCs were prepared in two blood samples with
M-HT and H-HT, and spotted either by volumetric (20 pL
by micropipette) or non-volumetric spotting procedure
(hanging drop by using a Pasteur pipette). Each sample
set was analyzed by both whole-spot recovery and fixed-
diameter punch of blood spot. VAMS and DBS calibration
curves were prepared using blood at higher hematocrit
value (60%). DBS calibration curve was prepared in
duplicate by micropipette spotting. One calibration curve
was then analyzed by punching DBS at fixed volume,
the other was analyzed by whole-DBS spot recovery.
Each calibration curve was then used for quantification
of the corresponding set of QCs. Samples were analyzed
in triplicate. The final experimental set-up and samples
analyzed are detailed in the Results section pertinent
paragraph.

RESULTS
Set-up and validation of VAMS and DBS methods

Quantitative analysis of four B-lactams, including
AMP, AMOX, MEM and CDX from DBS and VAMS
samples was performed by LC-MS/MS after rehydration
with ultra-grade water. DBS and VAMS-extracted
supernatants were measured in electrospray positive
MRM mode, and data were normalized using peak area
of the IS. For method validation, whole EDTA K,E blood
spiked with various concentrations of the four antibiotics
were prepared and used for QC and calibration.

LLOD and LLOQ were determined for all analytes in
samples extracted from DBS and VAMS device (Table 1).
No interfering compound was observed for any of the
analyzed molecules, regardless of the sampling method.
No carry-over was detected by injecting blank samples
directly after the analysis of a sample spiked with the
highest analyte concentration (35 pug/mL). The linearity
of the method appeared to be negligibly affected by the
microsampling device used, as for all analytes in the
concentration range 0.5 — 35 ug/mL a linear response
was observed (Figure 2). Drugs concentration range
was selected based on the average therapeutic windows
reported for these compounds against different bacterial
strains (24).

ER and ME were determined for each analyte for
both methods and the results are shown in Table 2. A
higher ER was measured for VAMS compared to DBS, as
reported elsewhere (9). According to D’Avolio et al. (23),
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Table 1

Lower Limit of Detection (LLOD) and Quantification (LLOQ) of B-lactams in Dried Blood Spot (DBS) and Volumetric
Absorptive Microsampling (VAMS) devices.

VAMS DBS VAMS DBS
LLOD (pg/mL) LLOQ (pg/mL)
AMPICILLIN 0.05 0.03 0.15 0.10
AMOXICILLIN 0.08 0.05 0.20 0.15
MEROPENEM 0.08 0.08 0.25 0.25
CEFADROXIL 0.08 0.08 0.25 0.25
VAMS DBS
4, ke r
REm0.99 il
= @
% 28 1 n® ¥ = 0.99
; .5 e g, RI=05%9
3 RE=0996 E .
= il d » Ri=059%
R =0.998 RE=0.999
1
0 = = - . . . — ——a e - " 0 ‘ . . . v - — - - \
0 25 $ TS 10 125 IS 175 20 128 8 NS 0 RS ¥ NS 0 0 28§ 5 TS 10 124 15 175 0 1S 8 NS W NS MBS B0
ugml pg'ml
AAMP o AMOX «MEM s CDX AAMP o AMOX «MEM nCDX

Figure 2
Linearity of the volumetric absorptive microsampling (VAMS) and dried blood spot (DBS) based methodology

Table 2

Extraction Recovery and Matrix Effect expressed as percentage. Three replicate experiments were performed. The
percentage bias values were all <5%

% Extraction Recovery

VAMS DBS
pg/mL AMP AMOX MEM CDX AMP AMOX MEM CDX
2 60 80 35 71 54 55 25 69
8 71 7 38 81 43 41 18 52
20 66 70 39 76 45 38 20 49

% Matrix Effect

VAMS DBS
pg/mL AMP AMOX MEM CDX AMP AMOX MEM CDX
2 74 91 55 59 91 88 53 70
8 88 95 69 80 91 96 64 82
20 91 100 79 85 112 120 98 106

VAMS, Volumetric Absorptive Microsampling; DBS, Dried Blood Spot; AMP, ampicillin; AMOX, amoxicillin; MEM, meropenem;
CDX, cefadroxil.
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ER was acceptable; when ER values below 60% were
measured, a percent bias below 5% between 3 replicates
was observed. The ME obtained was acceptable for all
compounds, as percent CV and bias were within 15% for
all analytes at any concentration. Results were similar
in both methods, even though a slightly lower ME was
found when DBS devices were used. For all analytes and
concentrations, percent CV and RSE were <15%.

Results of intra-day and inter-day trueness (% bias)
and precision (% CV), carried out for both DBS and
VAMS, are shown in Table 3. Both methods were precise
in inter- and intra-day quantifications. Trueness also
resulted to be comparable for both methods, as bias was
<15% for almost all samples analysed.

To assess short- and medium-term stability of samples
loaded on DBS or VAMS, the following procedure was
carried out. Using whole blood from a single donor,

samples containing 2 pg/mL (LQC), 8 pg/mL (MQC) and
20 pg/mL (HQC) of the different drugs were prepared,
spotted on DBS supports or absorbed on VAMS tips,
and dried overnight at room temperature (RT). Loaded
micro-sampling devices were then stored under different
temperatures (RT, 4 °C, -20 °C, -80 °C), for 48 hours and
7 days, before being analyzed. The average degradation
percentages observed for each sample stored at different
temperature in VAMS and DBS are shown in Figure 3
and 4, respectively.

Our data showed that analytes degradation was
negligible in almost all samples stored at -20°C and
-80°C for 48 hours, in both VAMS and DBS devices;
only for AMP a limited degradation (lower than 10%) was
recorded. Conversely, degradations between 30 and
40% were observed when devices were stored at RT.
Intriguingly, for refrigerated storage (4°C) higher analytes

Table 3
Precision and trueness measurements for Volumetric Absorptive Microsampling (VAMS) and Dried Blood Spot (DBS).

TRUENESS (% BIAS)

VAMS DBS
QCs (ug/mL) AMP AMOX MEM CDX AMP AMOX MEM CDX
LLOQ 0,5 -5,1 3,5 -7,8 16,3 6,5 1,7 -8,7 19,4
LQC 2 -8,5 -4.1 -6,0 11,5 7.4 6,1 -3,6 13,2
MQC 8 -11,4 -12,6 -6,9 6,1 -0,3 -3,9 -4,9 12,2
HQC 20 -13,3 -10,6 -5,9 -0,1 1,6 -3,5 1,1 13,9
uLoQ 35 -9,7 -5,8 -0,9 5,0 6,2 3,2 7,6 14,8

PRECISION (% CV) INTERDAY

VAMS DBS
QCs (ug/mL) AMP AMOX MEM CDX AMP AMOX MEM CDX
LLOQ 0,5 41 6,4 8,1 54 3.4 3,2 7,0 5,1
LQC 2 54 55 7.3 6,9 6,3 4,6 5,1 4,2
MQC 8 51 7.4 7.2 4.1 8,0 6,6 9,1 9,2
HQC 20 4,2 7,2 6,5 54 4,7 55 7,5 21
uLoQ 35 3.4 3,9 3,9 4,9 3,5 4,4 3,3 47

PRECISION (% CV) INTRADAY

VAMS DBS
QCs (ug/mL) AMP AMOX MEM CDX AMP AMOX MEM CDX
LLOQ 0,5 7.1 9,9 12,4 1,1 55 9,4 13,5 13,0
LQC 2 9,9 9,3 8,7 10,7 6,9 8,8 8,0 7.4
MQC 8 3,5 7,2 51 7,5 6,1 54 6,8 9,2
HQC 20 4,7 4,4 3,8 3,7 53 6,0 43 6,9
uLoQ 35 8,5 8,3 8,8 8,2 7,6 9,0 6,8 4,7

QC, quality controls; AMP, ampicillin, AMOX, amoxicillin, MEM, meropenem; CDX, cefadroxil; LLOQ, lower limit of
quantification; LQC, low quality control; medium quality control; HQC, high quality control; ULOQ), upper limit of quantification.
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stability was recorded for DBS devices, where degradation
percentages measured were similar to those observed for
the frozen samples, while samples loaded into the VAMS
showed about 20% degradation. The same trend was
observed for medium-term stability (7 days): RT storage
resulted into high analytes degradation (around 70%),
whereas a 30% loss was observed for samples stored at
-20 °C and -80 °C, regardless of the microsampling system
used. A significant difference between DBS and VAMS was
observed after a week storage at 4°C; under this condition,
DBS samples showed a 20-40% degradation, but a loss
of about 60% was observed for the compounds loaded
into VAMS. In all cases and conditions, CDX was the
most stable compound, showing an acceptable short-term
stability, with a degradation rate below 15%, in all devices
and storage conditions. Only after medium-term storage
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Figure 3

Ampicillin (AMP), amoxicillin (AMOX), meropenem (MEM)
and cefadroxil (CDX) stability in volumetric absorptive
microsampling (VAMS) samples. Stability over time (2 and 7
days) and at different temperatures (RT, 4°C, -20°C, -80°C)
is reported as degradation percentage

in unfrozen conditions, CDX degradation percentage was
significant. This evidence highlights that a great difference
in terms of stability could be retrieved among different
B-lactams.

These data suggest that microsampling devices
storage at -20 °C could guarantee short-term stability of
the drugs investigated in this study. Notably, DBS devices
seemed to be more efficient than VAMS in preventing
drug degradation when stored at 4°C, for both short and
medium-term storage. A box-plot statistical representation
of data from DBS and VAMS in all storage conditions
after 7 days is reported in Figure 5 as mean value for the
four B-lactams tested for each device and condition. The
statistical analysis of our dataset confirmed that, when
stored at 4 °C, VAMS degradation percentages for these
analytes were higher compared to DBS.
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Figure 4

Ampicillin (AMP), amoxicillin (AMOX), meropenem (MEM)
and cefadroxil (CDX) stability in dried blood spot (DBS)
samples. Stability over time (2 and 7 days) and at different
temperatures (RT, 4°C, -20°C, -80°C) is reported as
degradation percentage
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Boxplot diagram of B-lactams 7-days stability in different storage conditions.
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Influence of blood spotting and spot recovery
procedures on DBS hematocrit-related inaccuracy, a
comparison with VAMS.

The hematocrit effect is a well-documented bias
commonly encountered during DBS-based bioanalytical
methods development (15,25,26). The different
physical properties of blood samples characterized by
different hematocrit values commonly lead to significant
inaccuracies in analytes quantification when samples are
spotted on DBS surface.

To this purpose, we provided an evaluation of the
hematocrit-based area bias encountered for B-lactams
on DBS compared to VAMS. Moreover, we investigated
different cases of volumetric and non-volumetric
DBS generation, coupled to different DBS recovery
approaches, to provide a proof-of-concept of the most
frequent errors in DBS practice.

Table 4

The QCs for VAMS, and DBS produced in different
recovery conditions, as described in the methods section,
are reported in Table 4. Two different hematocrit values
were used (40%, M-HT and 60%, H-HT) and calibration
curves for VAMS and DBS were generated. In particular,
for calibration curves for DBS, H-HT samples (undiluted
blood samples) were prepared using two different
procedures for spotting (by pipetting or hanging drop)
and analysis (by whole spots or fixed-size punches).

The effect of hematocrit on VAMS by analyzing blood
with different hematocrit values (sample numbers 9 and
10) was analyzed (Table 5), and no significant difference
in precision and trueness was observed. The same QCs
were then analyzed by applying a volumetric drop on DBS.
Samples were either extracted by cutting the whole blood
spot from DBS (sample 1 and 2 in Table 4), or by a fixed-
diameter central punch (sample 3 and 4 in Table 4). As
expected, quantification results obtained by whole-spot

Experimental set-up of the Volumetric Absorptive Microsampling (VAMS) and Dried Blood Spot (DBS) accuracy dependance

upon different spotting/recovery procedures.

Type of spotting Punching method Hematocrit value (%) Sample number
40 1
whole spot

) et 60 2

micropipette
PP 40 3

punch
60 4
DBS
40 5
whole spot

handing d 60 6

anging dro
9ing drop 40 7

punch
60 8
40 9
VAMS
60 10
Table 5

Volumetric Absorptive Microsampling (VAMS) hematocrit bias-dependance. The results of the Quality Controls samples (QC)
measurements and trueness expressed as % bias for the four B-lactam antibiotics are shown.

Hematocrit influence on VAMS

QCs AMP

AMOX

MEM CDX

ug/mL ug/mL % bias ug/mL % bias ug/mL % bias ug/mL % bias
2 2.7 36 26 32 1.9 -6 2.6 31
H-HT 8 8.5 7 8.6 8 7.7 -3 8.5
20 20.9 5 21.2 6 19.3 -3 20.3
2 24 21 22 1 1.8 -12 2.0 -1
M-HT 8 7.7 -4 7.0 -12 71 -11 7.3 -9
20 18.9 -6 17.7 -12 17.3 -14 17.7 -12

AMP, ampicillin; AMOX, amoxicillin; MEM, meropenem; CDX, cefadroxil;, H-HT, high hematocrit level (60%); M-HT, medium

hematocrit level (40%).
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extraction were accurate in both hematocrit conditions,
as shown by the % bias within normal reference ranges
observed in all conditions (Table 6). These results
confirmed that the whole blood spot procedure could
minimize hematocrit-based area bias when a precise
volume of blood was volumetrically spotted on DBS.
Conversely, the hematocrit effect was critical when DBS
samples were analyzed by recovering a fixed-diameter
central punch (Table 7). Using this procedure, % bias
quantification errors ranged from -25% to -50% and
higher variations were observed when a blood sample
with a hematocrit value different from the one used in the
calibration curve was analyzed.

Finally, a third set of non-volumetric DBS samples was

Table 6

Dried Blood Spot (DBS) hematocrit bias-dependance in who
The results of the Quality Controls samples (QC) measuremen
antibiotics are shown.

produced by spotting the same blood with the two different
hematocrits through the deposition of a—hanging—drop
using a Pasteur pipette, thus simulating the generation
of a non-volumetric blood application on DBS in real-
life conditions. These samples were analyzed using two
recovery procedures: whole-spot (sample 5 and 6 in Table
4), or fixed-diameter central punch (sample 7 and 8 in
Table 4). To guarantee that the minimal required volume
(20 pL) was effectively applied on the DBS device in all
tested conditions, medium blood spot diameters obtained
were measured and compared to those obtained by
micropipette volumetric application. Diameters from
micropipette spotting were of 0.51 +/- 0.05 cm similar to
those from Pasteur application (0.65 +/- 0.12). Results

le spot recovery of volumetrically spotted blood samples.
ts and trueness expressed as % bias for the four B-lactam

Hematocrit influence

on whole spot DBS — volumetric spot

QCs “Ag|>/ImPL % bias ﬁgﬂ/a)l_( % bias :gl/i\]/:_ % bias HCE;]/D;(L % bias
2 21 3 2.0 -2 1.8 -10 2.2 9
H-HT 8 7.5 -7 7.8 -3 7.0 -13 8.1 1
20 21.6 8 19.4 -3 21.7 8 222 1
2 21 6 2.0 1 21 4 2.1 3
M-HT 8 6.6 -18 6.6 -18 6.4 -19 6.9 -14
20 20.0 0 19.3 -4 20.1 0 19.3 -4

AMP, ampicillin;, AMOX, amoxicillin, MEM, meropenem; CDX, ¢
hematocrit level (40%).

Table 7

B-lactam antibiotics are shown

efadroxil; H-HT, high hematocrit level (60%);, M-HT, medium

Dried Blood Spots (DBS) hematocrit bias-dependance in fixed-volume punch recovery of volumetrically spotted blood
samples. The results of the Quality Controls samples (QC) measurements and trueness expressed as % bias for the four

Hematocrit influence

on punched DBS — volumetric spot

QCsug/  AMP g pas  AMOX g pias  MEM g pas DX % bias

mL pg/mL pg/mL pg/mL pg/mL

2 1.7 -17 1.8 -9 1.5 -24 20 2
H-HT 8 8.3 4 8.9 1 8.8 10 8.6 8

20 18.2 -9 17.8 -1 19.6 -2 18.6 -7

2 1.3 -36 1.2 -39 1.2 -42 1.0 -51
M-HT 8 5.2 -35 5.3 -34 5.1 -36 5.5 -31

20 14.2 -29 14.3 -28 14.7 -26 15.1 -25

hematocrit level (40%).

AMP, ampicillin; AMOX, amoxicillin, MEM, meropenem; CDX, cefadroxil; H-HT, high hematocrit level (60%);, M-HT, medium
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from fixed-diameter punch recovery procedure showed
that the quantification of samples with lower hematocrit
values retrieved % bias errors ranging from -29% to
-57%, thus resulting into a significant hematocrit area
bias (M-HT row in Table 8). However, when samples with
the same hematocrit values of the calibration curve were
analyzed, method trueness resulted to be acceptable for
all analytes tested (H-HT row in Table 8).

When the same Pasteur-spotted DBS replicates were
analyzed by whole-spot recovery, a high variability of the
results was observed also when samples having the same
hematocrit value of the calibration curve were analyzed
(Table 9). These data confirmed the need of applying
a “hematocrit correction factor” when using a non-
volumetric DBS approach. Alternatively, the hematocrit
effect and the optimized volume range need to be finely

tuned and validated for each method, even when the
minimal volume required from the device and established
by the manufacturer, is correctly used (Whatman products
- Cytiva. https://www.cytivalifesciences.com/en/us/shop/
whatman-laboratory-filtration).

DISCUSSION

An optimized antibiotic treatment offering a correct
balance between efficacy and toxicity, requires plasma
concentrations higher than MIC values during treatment
duration that also minimize the rising of resistant and
nosocomial strains with higher MICs (3,27). The “optimal
exposure” for antibiotic therapies is often determined
upon dosing interval time percentage during which
serum antibiotic concentration remains at least above

Table 8

Dried Blood Spots (DBS) hematocrit bias-dependance in fixed-volume punch recovery of hanging drop spotted blood
samples. The results of the Quality Controls samples (QC) measurements and trueness expressed as % bias for the four
B-lactam antibiotics are shown

Hematocrit influence on punched DBS — non-volumetric spot

QCs g/ AMP % bias AMOX % bias MEM % bias CDX % bias

mL pg/mL pg/mL pg/mL pg/mL

2 1.60 -20 1.7 -13 1.6 -22 1.6 -21
H-HT 8 7.0 -12 71 -1 7.0 -12 6.8 -15

20 18.9 -5 18.8 -6 20.0 0 18.7 -7

2 0.9 -53 1.0 -50 1.0 -50 0.9 -57
M-HT 8 4.4 -45 4.7 -42 5.2 -36 5.0 -38

20 12.2 -39 12.7 -36 14.1 -29 13.2 -34

AMP, ampicillin;, AMOX, amoxicillin, MEM, meropenem; CDX, cefadroxil; H-HT, high hematocrit level (60%);, M-HT, medium
hematocrit level (40%).

Table 9

Dried Blood Spots (DBS) hematocrit bias-dependance in whole spot recovery of hanging drop spotted blood samples.
The results of the Quality Controls samples (QC) measurements and trueness expressed as % bias for the four S-lactam
antibiotics are shown.

Hematocrit influence on whole spot DBS — non-volumetric spot

QCs g/ AMP % bias AMOX % bias MEM % bias CDX % bias

mL pg/mL pg/mL pg/mL pg/mL

2 2.8 40 3.7 85 3.4 72 34 69
H-HT 8 13.0 62 11.1 39 12.7 58 12.0 50

20 27.8 39 20.8 4 26.4 32 24.7 24

2 1.7 -13 1.6 -22 1.5 -24 1.8 -9
M-HT 8 4.6 -42 4.7 -41 4.5 -43 5.0 -37

20 12.3 -39 12.4 -38 11.5 -42 12.7 -36

AMP, ampicillin; AMOX, amoxicillin, MEM, meropenem; CDX, cefadroxil; H-HT, high hematocrit level (60%); M-HT, medium
hematocrit level (40%).
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the MIC value for the target pathogen strain (28). For
B-lactam antibiotics, a minimal time range of 40-60%
of the therapeutic interval is proposed to exert optimal
efficacy and eradication (28). Notably, for patients in the
intensive care unit or with severe infections a 100%-time
range using concentrations above MIC is required for a
good outcome (28-30). For these reasons, a valuable
TDM method for B-lactams should be able to detect drugs
over a broad concentration range (from <1 to 50 ug) to
assess a significant above-MIC concentration over time
for a broad spectrum of target pathogens.

TDM of antibiotics is important in newborns, elderly or
critically ill patients; in these subjects pharmacokinetic is
variable due to modifications in renal clearance and body
water distribution, or other parameters. Moreover, TDM
of B-lactams is highly recommended in those sub-sets
of patients because of accelerated drug elimination rate
related to increased renal clearance.

In this paper we developed and validated a DBS- and
VAMS-based bioanalytical method for the simultaneous
detection and quantification of four B-lactams: AMP,
AMOX, MEM and CDX. Similar methods have been
described in literature for the measurement of different
B-lactams, such as vancomycin, piperacillin and cefepime
(9,18-21).

Itis important to note that in the DBS-based protocols,
the IS was directly added to the extract sample, before
LC-MS/MS analysis, since we considered that its addition
to the blood sample before spotting was not applicable
to routine clinical practice. This should be considered
undoubtedly as a limitation of the methodology presented
since a normalization method cannot be carried out on
the extraction procedure. Therefore, when analyzing
patients’ samples, it would be preferable to collect
multiple blood spots from the same patient to minimize
the risk of errors during the extraction procedure.

Overall imprecision was evaluated considering both
precision and trueness. Run replicates for intra- and
inter-day reliability were analyzed by one-way ANOVA
test. Confidence limit of 0.05 was considered. The p
values obtained for both VAMS and DBS were below
the threshold value for nearly all QCs, proving that the
difference in analytes concentration did not critically
influence the results obtained. The data presented
suggest that the analytical method here described may be
considered suitable to be applied in the clinical practice.

Altogether, our results highlighted comparable
trueness and precision values retrieved in both
microsampling-based methods. More in detail, we
showed that DBS devices guarantee a higher B-lactam
stability compared to VAMS, especially when stored at
4°C, differently from what described for vancomycin,
piperacillin and cefepime that are equally stable on
VAMS and DBS (9,18,19,31). In our study, AMP, AMOX,
MEM and CDX were more stable when devices were
stored at -20°C and -80°C, as expected for compounds
more susceptible to degradation also in human biological
matrixes (32,33). DBS and VAMS should limit compound
degradation, as they are frequently used for long distance
shipments; however, we reported that medium and long-

term storage should be avoided when dosing B-lactams
analytes.

Finally, we described an analysis and proof-of-
concept of the hematocrit-based area bias observed for
B-lactams loaded on DBS compared to VAMS. According
to DBS usage guidelines (34), hematocrit effect should
always be evaluated, especially in newborns where
hematocrit values have a high Inter-individual variability.
The overall hematocrit effect depends on different factors
including differences in blood spreading over cellulose-
based DBS (hematocrit-based area bias) and variations
in matrix-effect and recovery yields (hematocrit-based
recovery bias and matrix effect bias) (34,35). The
hematocrit-based area bias is one of major responsible
factor for higher inaccuracy and is essentially due to
different volumes obtained from blood spots with different
hematocrits on DBS. When a fixed-diameter partial
punch is used to recover the DBS spot, variations in
the total amount of analytes is obtained after extraction.
Therefore, the application of a fixed volume blood spot
on DBS and recovery of the whole DBS sample are
suggested to collect a specific volumetric specimen thus
allowing the recovery of a similar blood volume in all
hematocrit conditions tested (26). In clinical practice, a
precise volumetric blood spot is difficult to obtain because
microsampling devices are frequently used by untrained
personnel or patients themselves at home. Different
strategies have been recently proposed to overcome this
limitation by developing various devices to generate a
volumetric spot from a non-volumetric blood drop, such
as HemaXis, hemaPEN and in situ generated DPS (36-
39). Alternatively, hematocrit correction strategies need
to be used for non-volumetrically generated DBS after
hematocrit evaluation on DBS samples by spectroscopic
techniques (40). However, all these approaches and
corrections are time-consuming and often expensive.
An alternative approach could be the identification
of a volume range in which DBS-based results are
still acceptable. Afterwards, DBS pre-printed with two
concentric circles, representing the minimally required
and maximally allowed volume, should be produced and
given to patients to help them collecting an appropriate
DBS spot. This approach however is still prone to errors
caused by patients and operators inexperience.

Our results support the use of the whole blood spot
recovery to minimize quantification inaccuracies in
volumetric DBS applications, and confirm the importance
of using a hematocrit correction factor when a non-
volumetric DBS procedure is carried out. It is worth to
underline that the use of a constant diameter normalization
by DBS central punch allows accurate measurements
only when samples tested have hematocrit values similar
to those used for the generation of the calibration curve.

VAMS microdevices could successfully overcome
the hematocrit limitation for B-lactams, but at the same
time should be evaluated with caution when considering
compounds stability in different storage conditions. We
showed that RT storage should be always avoided for
B-lactams when using either DBS or VAMS. In addition,
our results highlighted that for AMP, AMOX, MEM and
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CDX the use of DBS devices guarantees higher analytes
stability in refrigerated conditions (4°C). Storage at -20°C
remained however the best condition for all analytes and
both VAMS and DBS.

At this stage the use of real patients’ samples was

not considered and was out of the scope of this specific
study; however, it is of utmost importance to verify our
methodology in a real-life setting to verify the influence
of additional variability aspects that might influence either
DBS or VAMS-based TDM of B-lactams.
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