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Background: Vancomycin is a commonly used antibiotic, which requires therapeutic drug monitoring to
ensure optimal treatment. Microsampling assays are attractive tools for pediatric clinical research and
therapeutic drug monitoring. Results: A LC–MS/MS method for the quantification of vancomycin in hu-
man whole blood employing volumetric absorptive microsampling (VAMS R©) devices (20 μl) was developed
and validated. Vancomycin was stable in human whole blood VAMS under assay conditions. Stability for
vancomycin was established for at least 160 days as dried microsamples at -78◦C. Conclusion: This method
is currently being utilized for the quantitation of vancomycin in whole blood VAMS for an ongoing pedi-
atric clinical study and representative clinical data are reported.
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Vancomycin is a glycopeptide antibiotic with excellent activity against Gram-positive bacteria. Due to the rising
prevalence of methicillin-resistant Staphylococcus aureus (MRSA) infections, current clinical practice guidelines from
the Infectious Diseases Society of America recommend its use in children with suspected serious infections such
as bacteremia and meningitis without microbiological confirmation of the infection [1]. In hospitalized children,
vancomycin is one of the most commonly administered antibiotics: in a point-prevalence survey involving 2647
patients across 31 pediatric hospitals, vancomycin was the second most commonly prescribed antibiotic in pediatric
intensive care units and the third most commonly prescribed antibiotic in neonatal intensive care units [2].

Vancomycin has a narrow therapeutic index and exhibits AUC-dependent efficacy and nephrotoxicity [3]. In
adults with MRSA infections, a ratio of the vancomycin AUC over 24 h (AUC24) to the MIC of the bacteria >400 is
the therapeutic target associated with improved clinical outcomes [4–6]. In children, a 24-h AUC >800 mg·l/h is as-
sociated with an increased risk of acute kidney injury [3]. Nephrotoxicity occurs in up to 25% of vancomycin courses
in children [7–9], which is associated with increased mortality and development of chronic kidney disease [10,11].
Considering the tenuous balance between vancomycin efficacy and toxicity, clinicians need reliable approaches to
attain target AUC24 to maximize efficacy, minimize toxicity and prevent the development of resistance.

Therapeutic drug monitoring (TDM) is used to minimize drug toxicity and maximize therapeutic efficacy.
Vancomycin trough concentrations (Cmin; levels obtained immediately prior to a dose) have traditionally been
used as surrogate therapeutic targets for AUC24 [12]. However, guidelines from the American Society of Health-
System Pharmacists, the Infectious Diseases Society of America and the Society of Infectious Diseases Pharmacists
now recommend AUC/MIC of 400–600 in all patients, including children [13]. Direct estimation of AUC24 is
technically difficult, however, requiring multiple blood draws or the use of sophisticated Bayesian dose adaptation
approaches. This use of an AUC-directed TDM approach will be challenging in pediatric patients owing to small
blood volumes, limited availability of vascular access sites and the desire to avoid painful procedures in children.
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Vancomycin concentrations are usually quantified in human plasma or serum and there are several validated
LC–MS/MS methods reported for the analysis of vancomycin in these matrices [14–25]. Volumetric absorptive
microsampling (VAMS R©) is a promising approach [26] for quantitative analysis of drugs, especially in pediatrics
where multiple collections of blood volume (1 ml per sample) represents a limitation in conducting clinical studies
and routine TDM. VAMS devices have a sampling tip that absorbs the whole blood upon contact, either from
blood collected in a tube or from the sampling site (finger or heel stick). They have a fixed volume that helps prevent
overfilling when loaded appropriately [27]. VAMS devices enable the collection of fixed volume blood samples (10,
20 or 30 μl) and have been utilized for the quantitative analysis of drugs [28–30]. Other microsampling approaches,
such as dried blood spot (DBS), have limitations such as the impact of hematocrit (HCT) on assay performance,
variability in spot size and sample heterogeneity [31–35]. The VAMS approach eliminates or minimizes the HCT
effect on accurate quantitation while enabling small sample volumes (10–30 μl).

In a recent study comparing the concentrations of vancomycin in DBS and plasma samples, the ratio of plasma
to DBS concentrations was highly variable in clinical samples [36]. DBS samples from patients were collected by
finger-prick application of one drop of blood to the collection paper, directly from the patient’s finger. While this is
an excellent study, DBS is known to be impacted by HCT differences and variable sample volume compared with
the fixed volume sample collection with VAMS. Three different correction methods evaluated by Scribel et al. [36] to
estimate plasma vancomycin concentrations from DBS concentrations did not work well. Therefore, the prediction
of plasma vancomycin concentrations from the DBS measurements were less reliable. A recent bridging study
demonstrated the applicability of measuring vancomycin concentrations obtained by capillary microsampling [37].
Paired plasma samples, collected from capillary microsampling and conventional arterial plasma sampling, showed
no significant bias. A strong correlation between both sampling methods suggests that capillary microsampling may
serve as an alternative to the traditional sampling approach for measuring vancomycin concentrations in plasma.

Recently, Parker et al. [38] reported a vancomycin assay in dried plasma spots and plasma VAMS, and evaluated
the effect of drying time on the recovery of vancomycin from plasma microsamples. This study demonstrated that
the recovery of vancomycin extracted from dried plasma spots is affected by time, whereas plasma VAMS gave
a relatively consistent recovery. Meanwhile, Youhnovski et al. [39] reported that impact assisted extraction (IAE)
eliminated the HCT effect on analyte recovery for naproxen and ritonavir. The aim of the current study was to
develop and validate a whole blood VAMS assay for the quantification of vancomycin in human whole blood
by LC–MS/MS analysis. The quantitation of vancomycin concentrations in children will be helpful to clinicians
to prompt dose adjustments that will improve safety and efficacy. The present study also describes the in vitro
evaluation of the concentration of vancomycin in whole blood, plasma and whole blood VAMS, which provides
further understanding of the blood to plasma partitioning of vancomycin. This is the first study to report a VAMS-
LC–MS/MS vancomycin assay in human whole blood, which has been evaluated for the analysis of representative
pediatric samples from an ongoing clinical study.

Materials & methods
Materials
Vancomycin hydrochloride was obtained from Toronto Research Chemicals (TRC, Toronto, Canada), atenolol was
purchased from Sigma Aldrich (MO, USA) and d12-vancomycin was obtained from AlsaChim (France). All solvent
and sample preparation was performed using nanopure water from a Synergy R© UV-R system. Formic acid (98%),
LC–MS-grade methanol and acetonitrile, and iso-propyl alcohol were obtained from EMD Millipore (MA, USA).
The 1600 MiniG, 96-well plates Grenier Bio-One (NC, USA) and cap-mats used for IAE were purchased from
SPEX SamplePrep (NJ, USA). VAMSdevices (20 μl) were obtained from Neoteryx R© (CA, USA). Blank pooled
human whole blood was provided by BioIVT (NY, USA) or by healthy volunteers at the Children’s Hospital of
Philadelphia (Institutional Review Board [IRB] protocol number 18-015852), which were used for all validation
experiments. Eligible volunteers (employees, trainees or students) at the Children’s Hospital of Philadelphia were
approached for voluntary informed consent, which was obtained prior to any study related procedures being
performed. Blood volume from participants may not exceed 50 ml or 3 ml/kg in an 8-week period. Each validation
experiment required ≤20 ml of whole blood. If more than 20 ml was needed, multiple participants donated. A
schematic of the origin for the blood used in the validation experiments and clinical sample analysis is shown in
Figure 1.
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Figure 1. An overview of the origin of human whole blood utilized for assay validation and clinical sample analysis.
HCT: Hematocrit; QC: Quality control; STD: Standard; VAMS: Volumetric absorptive microsampling.

Stock solutions, calibration standards & quality controls
Two independent primary stock solutions of vancomycin hydrochloride were prepared at a concentration of
10 mg/ml in nanopure water for the preparation of calibration standards (STD) and quality control (QC) working
solutions. Both primary stock solutions were prepared in amber glass vials and stored at -20◦C. Two independent
intermediate working solutions were spiked using fresh human whole blood at a concentration of 1.0 mg/ml and
were left to equilibrate for 30 min at room temperature before continuing with further dilutions. The STD working
solutions were prepared at concentrations of 1.0, 2.5, 5.0, 10, 25, 50, 75 and 100 μg/ml in human whole blood
from the STD intermediate solution. QC working solutions were prepared by serial dilution at the concentrations
of 1.0, 2.5, 40 and 80 μg/ml from the QC intermediate working solution. All working solutions were stored for
up to 7 days at 4◦C [38]. The primary stock solution of atenolol (internal standard) was prepared at 1 mg/ml in
LC–MS-grade methanol in an amber glass vial and stored at -20◦C when not in use. In order to prepare the final
internal standard working solution (ISWS), an intermediate solution was prepared from the primary stock solution
at a concentration of 100 ng/ml in methanol. A dilution of the intermediate solution was then prepared at a
final concentration of 5 ng/ml in methanol. The primary stock solution for d12-vancomycin (the second internal
standard) was prepared at 0.1 mg/ml in water in an amber glass vial and stored at -20◦C when not in use. The final
working solution concentration for d12-vancomycin was prepared at 100 ng/ml in methanol for sample analysis
and both ISWS were stored at 4◦C.

Sample preparation
Using the freshly prepared STD and QC working solutions in human whole blood, VAMS devices (20 μl, fixed
volume) were loaded according to the instructions from Neoteryx [40,41]. Before the loading of each device, all
working solutions were gently mixed using a Thermo Fisher Scientific Vortexer at an approximate speed of six
followed by manually inverting each solution at least three to four-times. Previous studies using other antibiotics
have shown that the compounds tend to separate quickly in whole blood [28]. All VAMS samples were loaded
in sequential order according to the analytical run on the LC–MS/MS instrument submitted for analysis. For
example, the first set of STDs were loaded in increasing order of concentration followed by each set of QCs,
also in increasing order of concentrations, and then the final calibration curve to end the analytical batch. STDs
and QCs loaded onto VAMS devices were placed in a plastic container with desiccants (Whatman R©), covered in
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Figure 2. Sample preparation scheme for vancomycin human whole blood VAMS-LC–MS/MS assay.

aluminum foil, and allowed to dry at room temperature for 3 h unassisted (Figure 2). The dried blood tips from
the VAMS devices were removed from their plastic holder and placed into their corresponding wells of a 96-well
polypropylene sample plate (Wheaton R© Company) for extraction. Each loaded sample was reconstituted from its
dried state using 50 μl of nanopure water, vortexed for 10 min at 1650 r.p.m. and then incubated at 37◦C for
10 min. Next, 400 μl of the ISWS (5 ng/ml of atenolol in methanol) was added to the samples, except double
blank samples, which received 400 μl of 100% methanol. Samples were vortexed (15 min at 800 r.p.m.), sonicated
(15 min) and centrifuged (30 min at 4000 r.p.m. at 4◦C). Each supernatant was transferred (350 μl) to a clean 96
well plate with a multichannel pipette for LC–MS/MS analysis.

Alternatively, extracting with d12-vancomycin as the ISWS was used with an IAE. Samples were extracted in
specific 96-well plates (Grenier Bio-One) and cap-mats both purchased from SPEX SamplePrep. After the addition
of the 50 μl of nanopure water and incubation at 37◦C for 10 min, a metal ball (from SPEX SamplePrep) was
placed into each well. Four hundred microliters of 100 ng/ml d12-vancomycin in methanol was added to each well
and the plate was placed in the MiniG for IAE. The samples were shaken vigorously for 15 min at 1200 r.p.m.
The plate was removed from the MiniG and centrifuged for 30 min at 4000 r.p.m. at 4◦C and 350 μl of each
supernatant was transferred to clean wells of a 96-well plate for analysis on LC–MS/MS.

LC–MS/MS analysis
The analysis of vancomycin using atenolol or d12-vancomycin as the IS was performed using an Exion UHLPC
coupled to a 6500+ QTrap mass spectrometer (AB Sciex, MA, USA). Vancomycin, d12-vancomycin and atenolol
were infused at 1.0 μg/ml in a 1:1 (v/v) 0.1% formic acid in water: 0.1% formic acid in acetonitrile solution
to optimize MS conditions. Protonated parent molecular and product ions for vancomycin (m/z 725.4 → 144.0
and 99.8), atenolol (m/z 267.2 → 145.0 and 190.1) and d12-vancomycin (m/z 731.4 → 112.4 and 144.0) were
determined through an ESI source in the positive mode. The primary transitions were used for quantitation and
the secondary transitions were used for confirmation. Declustering potential, collision energy, entrance potential
and exit potential were optimized for vancomycin (57, 18, 9 and 10,), d12-vancomycin (57, 18, 9 and 10) and
atenolol (45, 27, 11 and 20). The ion spray voltage (5000 V), curtain gas (35), GS1 (29), GS2 (24), collision gas
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(10) and source temperature (350◦C) were used with nitrogen as the curtain, collision and nebulizer gas. Analyst
software (version 1.6.3, AB Sciex) was used for data acquisition and processing.

Chromatographic separation was obtained employing a Kinetex Polar C18 column (100 Å, 2.6 μm, 50 × 2.1 mm)
from Phenomenex (CA, USA). Mobile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid
in acetonitrile) were used at a flow rate of 0.200 ml/min to achieve optimal separation of vancomycin, atenolol
and d12-vancomycin. The following gradient was used: 0.0–0.5 min at 2% B; 0.5–1.6 min increased to 40% B;
maintained at 40% B until 2.20 min; 2.20–3.20 min increased to 98% B; maintained at 98% B until 3.90 min;
3.90–4.50 min returned to 2% B; and maintained at 2% B until 6.00 min. To reduce carryover, weak and strong
washes were used as described previously [30].

Validation
The assay was validated for the quantitative determination of vancomycin in human whole blood VAMS. The
3-day validation was performed based on the US FDA guidance for the bioanalytical validation [42]. The following
assessments were performed: linearity, sensitivity, accuracy, precision, selectivity/specificity, matrix effect, recovery,
HCT effect, dilution integrity and stability. In addition, in vitro whole blood VAMS, whole blood and plasma
comparison studies were performed as described previously [30].

Linearity & sensitivity

The linearity of the assay was evaluated with calibration standards ranging from 1.0 to 100 μg/ml. Linearity
was assessed as previously described [7,30]: visual inspection of the calibration plot, the residuals plot and percent
relative error (%RE) of back-calculated concentration plot. Standardized residual plot and back-calculated %RE
plot were within the ±15 % limits. STD and QC working solutions were prepared from freshly collected human
whole blood in lithium heparin tubes each day from healthy volunteers (IRB# 18-015852) who were not receiving
vancomycin. Approximately 20 ml of blood was collected for each experiment (Figure 1). The LLOQ for this assay
was 1.0 μg/ml. Concentrations of vancomycin in clinical samples collected from patients receiving vancomycin
(IRB# 19-016476) are expected to be higher than the LLOQ of 1.0 μg/ml, so a lower range is not needed for
analysis [18,43]. The sensitivity of the assay was determined by the signal-to-noise ratio at the LLOQ level.

Accuracy & precision

Four QC concentrations of 1.0, 2.5, 40 and 80 μg/ml of vancomycin in human whole blood (n = 6) were assessed
by intra and inter day studies employing the VAMS devices. The intra day accuracies and precisions were calculated
using a single analytical validation day run (n = 6 replicates at each QC concentration) for vancomycin and the
inter-day accuracies and precisions were calculated within the 3-day validation run (n = 18 replicates at each QC
concentration). Accuracy was calculated from the percentage of measured vancomycin concentration compared
with the nominal concentration. Precision (% CV) was calculated from the ratio of the standard deviation to
the mean of replicate measurements. Accuracies should be within ±15% of the theoretical value (±20% for the
LLOQ) and precisions should be ≤15% (≤20% for LLOQ) to be acceptable for all validation studies.

Dilution integrity & carryover

A tenfold dilution integrity was evaluated at 600 μg/ml of vancomycin in human whole blood VAMS (n = 6).
Samples were extracted as per the optimized sample preparation method. The extracted sample were diluted using
extracts from single blanks (prepared from loaded blank whole blood VAMS devices) and then mixed well for
analysis. Carryover was assessed in each analytical batch by placing two double blank samples after the highest
calibration standard. After analysis, the peak area of the analyte and IS were compared with that of the LLOQ
sample.

Selectivity & specificity

Six individual lots and a pooled lot of human whole blood from healthy volunteers (IRB #18-015852) were
collected in lithium heparin tubes for the evaluation of both selectivity and specificity of the assay. The pooled lot
was prepared from mixing an aliquot of each of the six individual lots together. Double blanks of each lot were
loaded onto VAMS devices (n = 1) along with preparations of the LLOQ in each lot (1.0 μg/ml; n = 3). Each
VAMS device was further extracted using the optimized method to ensure interference was absent at the retention
times for vancomycin and atenolol (IS), as well as cross-interference between both.
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Recovery & matrix effect

Recovery was evaluated from the ratios of the peak areas of extracted sample (vancomycin and atenolol) with double
blank samples, which were post spiked in the final extracted matrix with the same concentrations of vancomycin
and atenolol at three QC concentrations (n = 6). Matrix effect was evaluated by loading VAMS devices as double
blanks using each of the individual lots (n = 6) and pooled lot (n = 1) of human whole blood collected from healthy
volunteers. Each sample was post spiked at the low and high QC concentrations into the final extracted matrix.
Comparison of the peak areas of the post spiked samples for vancomycin and atenolol to the peak areas of neat
samples (n = 6, no matrix) at the same concentrations were assessed.

HCT effect

The HCT effect of vancomycin in human whole blood, VAMS and plasma was evaluated at low (21.7 %), normal
(44.0 %) and high (57.8 %) HCT levels. Blood was collected from a healthy volunteer (IRB# 18-015852) with
an HCT level of 44.0%. The low and high HCT levels were prepared from an aliquot of this blood sample by
adding or removing the appropriate amount of plasma to achieve the correct HCT level for analysis. An aliquot of
each prepared HCT level was measured at the Translational Core Lab at the Children’s Hospital of Philadelphia to
confirm HCT levels. Whole blood was spiked with 15.0 μg/ml of vancomycin at each HCT level. First, aliquots
of human whole blood (20 μl; n = 6) were prepared and analyzed using whole blood vancomycin standards at
normal HCT. Next, VAMS (20 μl; n = 6) were loaded with the same human whole blood samples and analyzed
following the validated method. Finally, the remaining whole blood spikes were centrifuged, and the plasma was
collected, aliquoted (20 μl; n = 6) and analyzed with freshly prepared plasma vancomycin calibration curves. Peak
area ratios were compared with determine the recovery of vancomycin and the effect of HCT in whole blood,
VAMS and plasma. Nonparametric statistical analysis (Wilcoxon signed-rank test) was performed to compare peak
area responses for vancomycin in human whole blood, VAMS and plasma.

Stability

Stability was assessed by loading VAMS (n = 6) with fresh preparations of the low and high QC concentrations in
human whole blood and dried for 3 h at room temperature. After the 3 h drying time, each set of QC samples were
stored at designated temperatures (room temperature and -78◦C) and assessed. Short-term stability for vancomycin
was evaluated at room temperature for up to 12 days and long-term stability was evaluated at -78◦C for up to
160 days. After the allotted time, samples were taken out of the plastic box and thawed at room temperature before
processing. These samples were quantified with freshly prepared standards and QCs in whole blood employing
VAMS. Post preparative stability was also evaluated by analyzing samples (in final extracted matrix) left in the
autosampler of the instrument for 74 h at 10◦C and re-analyzed.

In vitro comparison of VAMS, blood, & plasma concentrations

In vitro blood to plasma distribution of vancomycin was evaluated using human whole blood, VAMS devices
loaded with human whole blood, and human plasma at low, medium and high QC levels. Fresh blood was spiked
with vancomycin and left at room temperature for 30 min to allow for equilibration mixing every few minutes.
Whole blood aliquots (20 μl) were processed according to the validated VAMS method. Using the same whole
blood preparations, VAMS (20 μl) were loaded for full quantification (two calibration curves and six sets of QCs
at all levels), dried for 3 h, and extracted according to the validated method. An aliquot of the remaining spiked
human whole blood samples were centrifuged at 3400 r.p.m. for 15 min at 4◦C to collect the plasma. Vancomycin
concentrations in plasma samples were measured employing spiked plasma standards. Accuracies for vancomycin
at all three concentration levels were compared in each matrix. Blood to plasma and VAMS to plasma ratios were
calculated for the estimation of vancomycin concentrations in plasma when analyzed in whole blood or VAMS
matrices. Hemolysis was not observed in this study.

Clinical samples

We are conducting a clinical study to compare simultaneous VAMS samples obtained from a finger stick, free flowing
blood and plasma obtained from processing the whole blood from the free flowing sample. The principles outlined
in the Declaration of Helsinki was followed for this study. The IRB at the Children’s Hospital of Philadelphia
approved the protocol (IRB# 19-016476) and informed consent was received from all study participants. This
validated method was evaluated for clinical sample analysis of three pediatric subjects. The body weight, intravenous
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infusion dose of vancomycin, sampling times and the site of sample collection are shown in Table 5. A blood sample
was collected from an arterial line or a central venous catheter that was not utilized to administer the vancomycin
dose. A part of the sample was loaded to VAMS R© devices (20 μl, n = 2) according to the optimized procedure
(Section 2.3). VAMS samples were allowed to dry at room temperature for a minimum of 3 h, and stored at
-78◦C until analysis. The remainder of the blood was sent to the Hematology Laboratory for HCT measurements
and Chemistry Laboratory at the Children’s Hospital of Philadelphia for quantification of vancomycin in plasma.
Additionally, a capillary VAMS sample (20 μl, n = 2) was collected by finger stick (within 5 min of arterial or venous
sample), according to the manufacturer’s instructions and processed as described above. The measured values from
the arterial/venous whole blood VAMS sample, capillary whole blood VAMS sample and plasma were compared.

Results
Method development
Parker et al. [38], previously evaluated the recovery of vancomycin in human plasma employing 10 μl VAMS de-
vices without an internal standard and showed that the recovery was about 80%. This plasma method was
evaluated in initial experiments to extract vancomycin from whole blood VAMS devices where teicoplanin was
used as the IS. However, teicoplanin showed large variability in extraction efficiency and resulted in nonlinear
vancomycin/teicoplanin peak area ratios across the calibration range. Atenolol proved to be less variable when
extracted with vancomycin as an internal standard using a protein precipitation method. D12-vancomycin, a stably
labeled internal standard was also evaluated and compared with atenolol for the quantitation of vancomycin. The
major product ion of both vancomycin and d12-vancomycin was m/z 144. But, a co-eluting interference peak was
detected in the d12-vancomycin channel (731 → 144) that increased with increasing concentration of vancomycin.
However, the alternate MRM transition of 731.4 → 112.4 for d12-vancomycin did not have the interfering peak,
and provided good chromatography and quantitation for vancomycin with similar results to atenolol as an IS.

Several conditions were evaluated such as solvents, SPE and drying time assessments using the 20 μl VAMS de-
vices. Different extraction solvents were evaluated to obtain the best recovery and clean extracts. A solution of
50% methanol with 0.1% formic acid showed the best recovery of vancomycin; however, samples were still vi-
sually unclean requiring filtration. This was likely due to the high percentage of water in the extraction solvent.
Several SPE filtration plates were tested for possible sample clean-up options. Both the Strata R© X and the Oasis R©

HLB plates showed good recovery and produced clean extracts. We also evaluated rehydration with nanopure
water (50 μl) and 37◦C incubation as previously reported [28,30] requiring no SPE or filtration. Results of this
experiment showed an increase in recovery of vancomycin, adequate sensitivity at the lower end of the calibration
range and clean supernatants eliminating the need for SPE filtration. Method development of vancomycin was
also conducted by evaluating several columns for optimization of chromatography separation and sensitivity. The
Phenomenex Kinetex Polar C18 100 Å, 2.6 μm (2.1 × 50 mm) column showed good peak shape, and separation of
vancomycin, atenolol and d12-vancomycin. Several time points were assessed for drying time of the VAMS devices
when sealed in a plastic box containing desiccant (Whatman R©) and wrapped in aluminum foil. The time points
were evaluated at 2, 3, 24, 48, 96 and 168 h at 1.0 and 100 μg/ml in whole blood using 20 μl VAMS. Results of
this experiment showed insignificant differences in peak area between all time points, therefore 3 h was chosen to
ensure VAMS devices were completely dried before sample processing or storage. Both extraction approaches using
either atenolol as the IS with the original protein precipitation approach or d12-vancomycin as the IS with the IAE
showed similar results. However, the IAE improved recovery of vancomycin by about 20%. Either approach can
be used for quantitation of vancomycin in whole blood extracted from 20 μl VAMS.

Validation
Linearity & sensitivity

Calibration curves (n = 2 per analysis) ranged from 1.0–100 μg/ml for vancomycin in whole blood collected from
a healthy volunteer employing VAMS devices for the 3-day method validation. The calibration curve was linear
and reproducible across the concentration range. The mean correlation coefficient (r2) for vancomycin was ≥0.99
for each 3-day validation run employing linear regression (1/x2 weighting). The slope, y-intercept and r2 values
(mean ± standard deviation) were 0.176 ± 0.0397, -(1.14 ± 0.350) × 10-2 and 0.997 ± 0.00104, respectively.
The accuracies and % CV for calibration standards were 98.1–102%, and 3.90–9.75, respectively. Representative
chromatograms of the double blank, single blank and LLOQ in whole blood VAMS are shown in Figure 3. The
LLOQ for this assay is 1.0 μg/ml with a signal to noise ratio of >200.
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Figure 3. Representative chromatograms for vancomycin and internal standard. Vancomycin (left), and internal
standard atenolol (right) in human whole blood VAMS for (A) double blank, (B) single blank and (C) LLOQ
(1.00 μg/ml).
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Table 1. Summary of validation outcomes: intra and inter day accuracies and precisions for vancomycin in human
whole blood volumetric absorptive microsampling.
Conc. (μg/ml) Mean ± SD (μg/ml) CV (%) Accuracy (%) Mean ± SD (μg/ml) CV (%) Accuracy (%)

Day 1 (n = 6 replicates) Day 2 (n = 6 replicates)

1.00 1.12 ± 0.129 11.5 112 0.959 ± 0.114 11.9 95.9

2.50 2.68 ± 0.288 9.91 107 2.48 ± 0.085 3.45 99.1

40.0 39.8 ± 0.955 2.40 100 38.4 ± 1.73 4.50 96.1

80.0 84.3 ± 10.0 11.9 105 88.5 ± 9.80 11.1 111

Day 3 (n = 6 replicates) Inter day (3 days, n = 18 replicates)

1.00 0.903 ± 0.082 9.09 90.3 0.993 ± 0.139 14.0 99.3

2.50 2.59 ± 0.253 9.74 104 2.59 ± 0.225 8.67 104

40.0 37.6 ± 1.57 4.16 94.0 38.6 ± 1.65 4.28 96.5

80.0 76.4 ± 3.76 4.92 95.4 83.0 ± 9.42 11.3 104

Accuracy & precision

The intra and inter day accuracies and the % CV for vancomycin in whole blood VAMS (n = 6) at QC levels of
1.0, 2.5, 40 and 80 μg/ml were evaluated (Table 1). Intra and inter day accuracies ranged from 90.3–112% with
% CV ranging from 2.40–14.0 for all QC levels.

Dilution integrity & carryover

Dilution integrity (tenfold) was evaluated by loading VAMS (n = 6) with 600 μg/ml of vancomycin in human
whole blood followed by post extraction dilution using single blanks extracts from VAMS loaded with blank
human whole blood. The results demonstrated acceptable dilution integrity (85.3 ± 7.07%, n = 6). Signal for
the vancomycin peak was <20% of the LLOQ in the single blank VAMS samples after the ULOQ standards
throughout the entirety of the validation and no significant carryover was detected.

Selectivity & specificity

Human whole blood (six individual lots and a pooled lot) was obtained and loaded as double blanks (without
analyte) onto VAMS devices. After 3 h of drying, all VAMS devices were extracted with methanol according to the
validated method. The results of the peak area for vancomycin and atenolol (IS) indicated no interference at the
retention times of the analyte and IS. Human whole blood (6 individual lots and a pooled lot) samples spiked with
vancomycin at the LLOQ concentration (n = 3) were extracted using the optimized sample processing method then
quantified against fresh STDs and QCs loaded onto VAMS devices. The accuracies of vancomycin at the LLOQ
concentration for five out of six individual lots were within acceptable range (±20%) between 81.2 and 97.9%.

Recovery & matrix effect

The recovery (mean ± SD) of vancomycin from VAMS was evaluated at three QC concentrations (2.5, 40 and
80 μg/ml; n = 6) and were 14.5 ± 0.784, 17.4 ± 2.39 and 17.9 ± 0.531%, respectively. Recoveries for atenolol
ranged from 98.2–101% with % CVs from 5.25–7.92%. Matrix effect in human whole blood (six individual lots
and one pooled lot) at the low and high QC levels showed minimal matrix effect with internal standard-corrected
(peak area ratio) values with average matrix factors of 82.8 ± 0.07 and 91.3 ± 0.02%, respectively, when extracted
from VAMS devices. Non corrected (peak area) values for the matrix effect were 105 ± 0.05 and 109 ± 0.03% for
the low and high QC concentrations, respectively. These results showed that vancomycin had consistent recovery
across the assay range and had minimal matrix effect.

HCT Effect

The effect of HCT on the quantitation of vancomycin (15 μg/ml) in whole blood, whole blood VAMS and plasma
was evaluated in vitro and the results are shown in Table 2. Whole blood and VAMS had similar and consistent
peak area ratios across the three HCT levels with a slightly lower recovery from VAMS devices as the HCT levels
increased. For whole blood and VAMS, as the HCT levels increased, the peak area ratios decreased. The opposite
trend was seen for plasma, whereas the HCT levels increased, the peak area ratios also increased. At high HCT
levels, the concentration of vancomycin was higher in the plasma samples (centrifuged from the spiked whole blood
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Table 2. The effect of hematocrit on the quantitation of vancomycin in whole blood, whole blood volumetric absorptive
microsampling and plasma.
Matrix Average peak area ratio ± SD

Low HCT (21.7%) Normal HCT (44.0%) High HCT (57.8%)

Whole blood 3.34 ± 0.178 2.73 ± 0.200 2.79 ± 0.106

VAMS 3.70 ± 0.268 2.32 ± 0.147 2.07 ± 0.268

Plasma 5.72 ± 0.633 7.92 ± 1.03 9.55 ± 0.7881

HCT: Hematocrit.

Table 3. Stability of vancomycin (n = 6) at room temperature and -78◦C in human whole blood volumetric absorptive
microsampling.
Concentration (μg/ml) %Accuracy ± % CV

12 days at RT 52 days at -78◦C 160 days at -78◦C

2.50 88.9 ± 3.36 95.3 ± 7.08 91.5 ± 6.74

80.0 89.1 ± 11.1 88.4 ± 6.18 106 ± 8.88

Table 4. Vancomycin concentrations in whole blood, whole blood volumetric absorptive microsampling and plasma
(n = 6).
Vanc. conc.
(μg/ml)

Whole blood VAMS Plasma Blood to plasma
ratio

VAMS to plasma
ratio

Mean
concentration ± SD
(ng/ml)

% CV Mean
conc. ± SD (ng/ml)

% CV Mean
conc. ± SD (ng/ml)

% CV

2.50 2.30 ± 0.327 13.8 2.56 ± 0.278 10.8 3.34 ± 0.274 8.20 0.689 0.767

40.0 38.4 ± 1.71 4.46 35.2 ± 1.37 3.89 54.6 ± 2.69 4.93 0.703 0.644

80.0 82.4 ± 8.03 9.75 86.7 ± 9.15 10.6 117 ± 8.17 7.01 0.707 0.744

VAMS: Volumetric absorptive microsampling.

samples) compared with the whole blood or VAMS samples. At low versus normal HCT levels and low versus
high HCT levels, the peak area response for vancomycin was statistically significant for whole blood, VAMS and
plasma samples (p < 0.05). However, at normal versus high HCT levels, the peak area response for vancomycin
was not statistically significant in whole blood, VAMS and plasma samples. The lower recovery in whole blood and
VAMS devices were expected due to vancomycin’s high protein binding and association with plasma proteins.

Stability

Stability assessments of vancomycin (Table 3) were conducted using loaded VAMS devices at the low and high QC
concentrations (n = 6). The following conditions were evaluated for stability: 12 days at room temperature, 52 days
at -78◦C and 160 days at -78◦C. Results of the 12-day room temperature assessment showed adequate stability
with accuracies of 88.9% (low QC) and 89.1% (high QC). Stability at -78◦C for 52 days showed accuracies of
95.3% (low QC) and 88.4% (high QC). Accuracies for the 160 day stability at -78◦C showed adequate stability at
91.5% (low QC) and 106% (high QC). Vancomycin was stable in the autosampler at 10◦C for at least 74 h post
extraction, showing accuracies ranging from 87.0 to 103% with % CVs ranging from 3.67 to 11.6% over all four
QC concentrations.

In vitro comparison of VAMS, blood & plasma concentrations

Results are summarized in Table 4 for the in vitro comparison of vancomycin in wet whole blood, dried VAMS devices
loaded with human whole blood and plasma. The whole blood and whole blood VAMS had similar vancomycin
concentrations at the three QC levels. However, vancomycin concentrations in human plasma showed a 30–55%
increase compared with the whole blood and VAMS. Blood to plasma and VAMS to plasma ratios for vancomycin
were calculated from these results. The ratios for blood to plasma ranged from 0.689 to 0.707 and the VAMS to
plasma ratios ranged from 0.644 to 0.767. The mean VAMS to plasma ratio for vancomycin was 0.718, which

1304 Bioanalysis (2020) 12(18) future science group



A whole blood microsampling assay for vancomycin: development, validation & application for pediatric clinical study Research Article

0.0

Time (min)

In
te

n
si

ty
 (

cp
s)

1.00.0 2.0 3.0

4.0e5

3.5e5

3.0e5

2.5e5

2.0e5

1.5e5

1.0e5

5.0e4

2.5

0.0

Time (min)

In
te

n
si

ty
 (

cp
s)

1.00.0 2.0 3.0

4.0e5

3.5e5

3.0e5

2.5e5

2.0e5

1.5e5

1.0e5

5.0e4

2.5

0.00

Time (min)

In
te

n
si

ty
 (

cp
s)

1.00.0 2.0 3.0

9000.00

1.00e4

8000.00

7000.00

6000.00

5000.00

4000.00

3000.00

2000.00

1000.00

2.5

0.00

Time (min)

In
te

n
si

ty
 (

cp
s)

1.00.0 2.0 3.0

9000.00

1.00e4

8000.00

7000.00

6000.00

5000.00

4000.00

3000.00

2000.00

1000.00

2.5

Figure 4. Representative chromatograms for vancomycin and d12-vancomycin. Vancomycin (left), and
d12-vancomycin (right) in whole blood volumetric absorptive microsampling from a pediatric patient: (A) venous
volumetric absorptive microsampling sample (21.4 μg/ml), and (B) capillary volumetric absorptive microsampling
sample (22.5 μg/ml).

could be potentially useful in converting whole blood VAMS concentrations to estimate plasma vancomycin
concentrations.

Clinical samples

This method was used for vancomycin analysis in VAMS samples from three subjects following an intravenous dose
of vancomycin (Table 5) and the representative chromatograms from subject 1 are shown in Figure 4. The results
show that the assay is suitable for the analysis of vancomycin using the VAMS devices. Vancomycin concentrations
quantified from the capillary whole blood (finger stick) VAMS and the arterial/venous whole blood VAMS samples
had similar results. The arterial/venous whole blood VAMS vancomycin concentration was divided by the mean
VAMS to plasma partitioning ratio (0.718) to provide an estimate of plasma vancomycin concentration (Table 5).
The estimated plasma vancomycin concentrations for the arterial/venous samples was consistent with the measured
plasma vancomycin concentration from the Central Lab in two out of three cases.

Discussion
TDM is crucial to ensure the optimal safety and effectiveness of vancomycin administration. Traditional vancomycin
TDM has involved the measurement of trough levels, which has required a collection of a single plasma sample
<30 min prior to the next anticipated dose. While it appears straightforward and relatively simple to perform,
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Table 5. Vancomycin concentrations measured in whole blood volumetric absorptive microsampling and plasma with
estimated plasma concentrations from volumetric absorptive microsampling in pediatric subjects.
Subject Dose

(mg/kg/dose)
Bodyweight (kg) Sampling time†

(minutes)
Sample
collection

HCT (%) Vancomycin concentration (μg/ml)

Measured whole
blood VAMS

Estimated in
plasma from
VAMS

Measured in
plasma

1 15 8.8 44 Venous 24.0 21.4 29.8 29.9

42 Capillary ND 22.5 31.3 ND

2 10 12 199 Venous 25.9 7.18 10.0 6.9

201 Capillary ND 7.66 10.7 ND

3 20 40 54 Arterial 33.1 17.0 23.7 21.9

54 Capillary ND 18.9 26.3 ND

†After end of infusion.
HCT: Hematocrit; VAMS: Volumetric absorptive microsampling.

there are challenges for routine TDM in children. First, clinical care often takes precedence over the collection of
blood samples and administration of medications at specific times. In an ideal scenario, vancomycin is consistently
administered at regular intervals and the trough is drawn immediately prior to administration of the subsequent
dose. However, this rarely occurs in normal clinical practice. Instead, vancomycin troughs are roughly drawn
around the time that a true trough would be collected and results are interpreted as an approximation. More
importantly, trough concentrations are used as a surrogate for AUC0–24. In adults with normal renal function
receiving vancomycin every 12 h, trough levels of 15–20 mg/l approximate an AUC0–24 of 400 mg*h/l. However,
in children, standard dosing intervals range from every 6–12 h depending on age and renal maturation. Thus,
direct comparison of trough levels across various dosing intervals is not possible, and troughs do not approximate
AUC0–24 well in children [44–46]. Because trough measurements reflect a single value taken immediately prior to
the next dose, they are influenced by numerous factors including dose, dosing interval and timing of collection,
as well as the individual’s pharmacokinetics (clearance and volume of distribution). As with many drugs, there is
high variability in vancomycin PK in children and, thus, trough measurements are poor surrogates for AUC, which
reflect the full concentration-time profile of a drug within an individual [47–49].

Vancomycin TDM guidelines now call for AUC-directed vancomycin therapy in all patients, and pediatric
institutions are working to develop local practices to accommodate this new approach. Due to a paucity of robust
population PK models of vancomycin in children to inform a Bayesian modeling approach, the use of a two-point
pharmacokinetic estimation strategy may be necessary to estimate AUC0–24 in many pediatric patients. This will
involve the collection of two samples for vancomycin concentration measurement during a single dosing interval
and calculation of AUC0–24 using log-linear equations. The two-point strategy will be difficult in pediatrics for
several reasons: children have small blood volumes and collection of numerous samples is discouraged, especially
in neonates and infants; there is a general aversion to the performance of multiple painful procedures in children,
such as venipuncture; collection of two timed samples during a brief 5-h window (assuming a 1-h infusion and
dosing every 6 h) will be taxing for clinicians and/or phlebotomists, who are often responsible for collection of
numerous samples throughout the hospital; and blood sampling from a central venous catheter is discouraged due
to infection risks.

VAMS holds promise to improve vancomycin TDM. Through collection of a small volume of blood (20 μl) via
finger – or heel-stick, many of the challenges of collecting plasma can be circumvented. Topical lidocaine can be
applied in advance of the procedure to minimize pain, and collection of samples at specified times will be more
feasible due to the relative ease of capillary sticks compared with venipuncture. The use of microsampling with
VAMS holds promise to promote AUC estimation in pediatric patients and improve the safety and effectiveness of
vancomycin administration.

Most clinical and pharmacokinetic studies are performed in human plasma, and it is of great interest to understand
the ratios of vancomycin in human whole blood to plasma, and VAMS to plasma given the high protein composition
of the plasma and the tendency of antibiotics to bind to plasma proteins. Recently the quantification of vancomycin
in human whole blood using DBS was reported; however there are no published methods utilizing whole blood
VAMS devices for vancomycin quantitation. Consistent with our results, a previous study showed that vancomycin
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was stable in DBS samples for 7 days at 45◦C and 14 days at 22◦C [36]. This allows time for VAMS samples to be
stored at room temperature until a -78◦C freezer is available for storage.

The results of the clinical samples reported in this manuscript are a part of an ongoing clinical study. We have
included the results from three subjects to demonstrate the feasibility of sample collection, storage and analysis. A
good correlation between the estimated plasma concentrations from the whole blood VAMS assay and measured
vancomycin plasma concentrations from the TDM assay was observed in two out of three cases. The present method
with limited clinical sample analysis demonstrates the feasibility of conducting a clinical validation [50], but a larger
study is needed to formally evaluate the use of VAMS for clinical vancomycin concentration measurement. The
ongoing clinical study aims to perform an in-depth comparison of vancomycin concentrations in arterial/venous
VAMS, capillary VAMS and plasma samples collected concurrently. The in vitro comparison of VAMS, whole
blood and plasma vancomycin concentrations is important as it provides a way to translate whole blood VAMS
concentrations to plasma concentrations. Based on the initial results from three subjects (Table 5), prediction of
plasma drug concentrations from the VAMS measurements has a potential utility. However, this approach should
be used with caution as the in vitro VAMS to plasma ratios were derived from a single HCT value and actual HCT
values may vary significantly between clinical samples from different subjects. Other clinical factors (site of sample
collection, timing between whole blood and plasma sample collection) may also affect VAMS to plasma ratios.
Additional analysis with a larger set of clinical samples is necessary.

Conclusion
A VAMS-LC–MS/MS assay for measuring vancomycin in small volumes (20 μl) of human whole blood was
developed with VAMS devices. Method validation demonstrated good accuracy and precision of the assay range
of 1–100 μg/ml. The validated method was evaluated for feasibility studies with representative clinical samples
from an ongoing clinical study. With fixed volume sampling, VAMS was expected to provide accurate quantitation
of vancomycin independent of HCT, compared with DBS. However, we have hypothesized that extreme HCT
levels can affect the accurate quantitation of vancomycin in clinical samples based on the in vitro evaluation of
HCT effect on the quantitation of vancomycin in whole blood, VAMS and plasma. The ongoing clinical study will
provide further insight into the effect of HCT levels on vancomycin measurement in clinical VAMS whole blood
microsamples. The established 160 day stability of vancomycin in VAMS at -78◦C provides sufficient time to batch
clinical samples for analysis. The present method is the first step toward developing an alternative sampling strategy
to collect samples from neonates with heel pricks, and children and adults with finger pricks upon a successful
clinical validation [50]. Microsampling with VAMS devices has numerous benefits and has the potential to be a
valuable tool for pediatric clinical pharmacology studies.

Future perspective
Micosampling provides an alternative approach to traditional plasma sampling in pediatric clinical research and
TDM. Enhanced sensitivity of modern instruments provide the capabilities to quantify low concentrations of drugs
from small volume of clinical samples. VAMS provides several benefits to patients including the collection of small
volumes of blood, reducing the risk for infection and alleviating anxiety with venipuncture blood draws. However,
most drugs require establishment of a new therapeutic window utilizing whole blood VAMS to be implemented
successfully for TDM. One of the major limitations of the dried whole blood microsampling approach is the inability
to measure unbound drug concentrations, as the PK/PD of several drugs are well described by the unbound drug
concentrations. Future advances in microsampling to measure plasma and unbound drug concentrations will be of
great value for clinical pharmacology studies.
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Summary points

Background
• The goal of this study was to develop, validate and evaluate a microsampling assay for vancomycin clinical sample

analysis.
Experimental
• Volumetric absorptive microsampling (VAMS R©) devices were extracted and analyzed for vancomycin quantitation

(1.0–100 μg/ml) in dried whole blood.
Results
• Intra and inter day accuracies were within 90.3–112% and precision (CV) was ≤14% based on a 3-day validation

study.
• Vancomycin was stable for 12 days at room temperature and 160 days at -78◦C as dried microsamples.
Conclusion & future perspective
• This assay provides an accurate quantitation of vancomycin in dried whole blood microsamples and has been

evaluated for clinical sample analysis.
• Additional clinical studies are required to establish the correlation between plasma and dried whole blood

microsamples.
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