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Abstract
Dried blood spot (DBS) antibiotic assays can facilitate pharmacokinetic (PK) investigations in situations where venous 
blood sampling is logistically and/or ethically challenging. The aim of this study was to establish, validate and demonstrate 
the application of a DBS amoxicillin assay for PK studies in vulnerable populations. The matrix effect, process efficiency 
(84–104%) and recovery (85–110%) of the liquid chromatography–mass spectrometry (LC–MS/MS) assay for amoxicillin 
in DBS was determined at 1, 10 and 100 µg/mL, and three different haematocrits. Thermal stability studies of amoxicil‑
lin in DBS were performed and a bridging study comprising 26 paired plasma and DBS samples was conducted in four 
healthy individuals. The limits of detection and quantification were 0.02 and 0.05 µg/mL for plasma and DBS amoxicillin 
assays, respectively. Accuracy and interday precision of amoxicillin in DBS (0.1–100 µg/mL) were 88–103% and 4.5–9.2%, 
respectively. At room temperature (22 °C) and 4 °C, amoxicillin was stable in DBS for ≈4 and 26 h, respectively. There was 
no degradation of amoxicillin in DBS at −20 °C for > 6 months. When comparing DBS and plasma collected from healthy 
volunteers, the slope of the Deming regression was 0.74. Amoxicillin CL/F estimates from DBS and plasma concentration 
data were 40.8 and 30.7 L/h/70 kg, respectively; V/F was 43.2 and 37.4 L/70 kg, respectively. In conclusion, amoxicillin can 
be reliably assayed from DBS in research studies but may have limited application in therapeutic drug monitoring. Due to 
poor stability at room temperature, amoxicillin DBS samples should be promptly dried and placed in frozen storage.
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Introduction

Optimising antibiotic dosing through pharmacoki‑
netic–pharmacodynamic (PK–PD) studies is an important 
strategy for improving clinical outcomes and mitigating 
the threat of antibiotic resistance [1, 2]. A lack of PK/
PD data for older antibiotics such as amoxicillin, which is 
commonly used for infections in all age groups, has been 
identified as a research priority [3–6]. This is particularly 
relevant for oral preparations where intestinal bioavail‑
ability is dependent on a saturable ‘pump’ mechanism [3], 
resulting in highly variable concentrations in plasma as 
well as in the tissue compartments of interest. Potentially 
clinically relevant variability in amoxicillin PK has been 
observed in vulnerable populations including neonates [5, 
6], and people living with diabetes [7] or obesity [8].

The measurement of drug concentrations in dried 
blood spots (DBS) collected on filter paper represents a 
promising way of characterising drug disposition in these 
patient groups, particularly where there are no laboratory 
facilities to process, store and transport blood or plasma 
samples [9]. An additional advantage of DBS sampling is 
that it can facilitate PK and PK–PD studies in ambulatory 
patients in community settings and/or remote and regional 
locations. In previous studies, we have developed and vali‑
dated DBS assays in clinical ‘bridging studies’ involving 
samples of healthy adults and older children drawn from 
the populations of interest, such as children aged between 
5 and 10 years who have a much larger circulating blood 
volume than very young infants and neonates [10–12]. 
Another important consideration of DBS assay develop‑
ment for use in ambulatory settings is thermal stability at 
ambient temperature, particularly given the need to air-dry 
blood collected onto DBS cards [13].

In light of these considerations, we conducted a suite of 
validation studies of an amoxicillin DBS assay. In addition 
to the necessary in-house laboratory validation, we per‑
formed a bridging study in healthy adults to compare DBS 
and plasma concentrations and the resulting PK exposure 
parameters of interest.

Materials and Methods

Analytical Materials and Reagents

Amoxicillin (MW = 365.4; pharmacopeial grade; 99% 
purity), trichloroacetic acid (TCA), and ammonium acetate 
were purchased from Sigma-Aldrich Chemicals (St Louis, 
MO, USA) and the deuterated internal standard amoxicil‑
lin-d4 (anhydrous) from Toronto Research Chemicals Inc. 

(Toronto, Ontario, Canada). Liquid chromatography–mass 
spectrometry (LC–MS) grade dimethylsulfoxide (DMSO), 
formic acid, methanol, and water were from Fisher Scien‑
tific (Fair Lawn, New Jersey, USA). All other chemicals 
were of analytical grade. Plasma was obtained from hep‑
arinised blood collected from five adult humans.

Instrumentation and Chromatographic Conditions

The triple-quadrupole mass spectrometer (LCMS-8060 Shi‑
madzu, Kyoto, Japan) comprised a Nexera UHPLC pump 
(LC-30A), degasser (DGU-20A5), autosampler (SIL-30A), 
and column oven (CTO-30A). Interface sources and Electro-
Spray Ionisation (ESI) were included in the system. Authen‑
tic standards of amoxicillin and the internal standard were 
scanned and optimised for parent and product ion. The spe‑
cific precursor–product ion pair and collision energy for 
each compound of interest are provided in Supplementary 
Table S1.

Amoxicillin LC/MS–MS Parameters and Separation

Quantitation of amoxicillin was performed by multiple reac‑
tion monitoring in ESI positive mode. The optimised mass 
spectra were acquired with an interface voltage of 0.5 kV, 
a detector voltage of 1.0 kV, a heat block temperature of 
400 °C, a desolvation temperature of 300 °C, and an inter‑
face temperature of 300 °C. Nitrogen was used as the nebu‑
lizer gas at a flow rate of 3 L/min and drying gas flow of 9 L/
min. Argon was used as the collision gas at 230 kPa.

Chromatographic separation was performed on an 
Acquity UHPLC® HSS PFP column (2.1 × 100 mm, 1.8 µm; 
Waters Corp, Wexford, Ireland). The mobile phase com‑
prised solvent A (water plus 0.1% v/v formic acid) and sol‑
vent B (methanol plus 0.1% v/v formic acid). The flow rate 
was 0.5 mL/min and the mobile phase was run in a gradi‑
ent mode of 0.5–5 min (solvent B = 5–95%) and 5.1–6 min 
(solvent B = 95%), with re-equilibration from 6.1 to 7.5 min 
(solvent B = 5%) for a total run time of 7.5 min. The sample 
injection volume was 2 µL and the retention time for amoxi‑
cillin was 2.2 min.

Plasma Sample Preparation and Extraction

Amoxicillin and amoxicillin-d4 stock solutions were pre‑
pared separately at 1 mg/mL in DMSO and stored at −80 °C. 
Working standards were prepared by serial dilution from two 
independent primary stock solutions. Standard curve and 
quality control (QC) samples in plasma were prepared using 
10 µL of relevant working standards, spiked into 1 mL of 
matrix. QC samples for amoxicillin were prepared in blank 
plasma at concentrations of 0.1, 0.5, 1, 5, 10, 20, 50, and 
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100 µg/mL, and stored at −80 °C prior to use. The standard 
curve range was 0.05–100 µg/mL.

Plasma was extracted using a protein precipitation 
method. The plasma sample (10 µL) was added to 100 µL 
of 50 mM ammonium acetate (pH 6.8) containing 2 µg/mL 
of internal standard amoxicillin-d4. Precipitation was by 
addition of 100 µL of 10% TCA and 100 µL of methanol. 
The sample was vortex mixed for 1 min and centrifuged at 
1500×g for 10 min. A 100 µL aliquot of supernatant was 
then mixed with 100 µL of 50 mM ammonium acetate (pH 
6.8). Subsequent sample preparations were adapted to a deep 
well plate method using 10 µL plasma with the same process 
and volumes as described above. The plate was shaken on 
a Thermomixer C (Eppendorf AG-22331, Hamburg, Ger‑
many) at 1000 rpm for 30 min. The plate was centrifuged 
at 2000×g for 10 min using a plate bucket (model M-20; 
Heraeus Megafuge 16R Centrifuge, Thermo Fisher Scien‑
tific Inc., Waltham, MA, USA) and the supernatant was pro‑
cessed as also described above.

Plasma Method Validation

The plasma standard curves were linear (r2 ≥ 0.998). Plasma 
intraday and interday coefficients of variation (CV; %) were 
determined at 0.1, 0.5, 1, 5, 10, 20, 50, and 100 µg/mL 
amoxicillin. Chromatographic data were processed using 
LAB Solution (Version 5.56, Shimadzu, Japan). Matrix 
effects (ion suppression/enhancement), absolute recovery, 
and process efficiency were determined for three concentra‑
tions (1, 10 and 100 µg/mL). Three matrix sets were pre‑
pared [14]. Set 1 comprised blank plasma spiked prior to 
extraction, Set 2 were blank plasma spiked post-extraction, 
and Set 3 were pure solutions of analyte in methanol and 1% 
formic acid and water. The matrix effect (%) was determined 
from: [Set 2 response × 100]/[Set 3 response]. The process 
efficiency (%) was determined from: [Set 1 response × 100]/
[Set 3 response]. The absolute recovery (%) was determined 
from: [Set 1 response × 100]/[Set 2 response]. Accuracy was 
determined from the QC sample measurements during this 
validation process and found to be within 20% of the ana‑
lytical validation range. The lower limit of quantification 
(LLOQ) was determined at a signal-to-noise ratio of 10:1 
and confirmed by a CV < 20%. The lower limit of detection 
(LOD) was based on a signal-to-noise ratio of 3:1.

Preparation of Dried Blood Spot (DBS) Samples 
for Analysis

Venous blood was collected from healthy volunteers into 
4 mL lithium heparin tubes. The haematocrit was meas‑
ured using a haemocentrifuge (Kendro Laboratory Prod‑
ucts GmbH, Hanau, Germany) at 5000 rpm for 5 min. DBS 

standards were prepared from spiked whole blood. After 
30 min of equilibration, the blood standards (50 µL) were 
spotted onto Whatman 903™ Protein Saver Cards (GE 
Healthcare Australia Pty Ltd, Parramatta, NSW, Australia) 
using a positive displacement pipette and air-dried at room 
temperature (22 °C) for approximately 3 h. The DBS cards 
were then placed in a Whatman™ foil bag with desiccant 
and stored at −80 °C until analysed.

A single 6 mm chad was punched manually and placed 
into a borosilicate tube with 100 µL of 50 mM ammonium 
acetate pH 6.8 containing 2 µg/mL of deuterated internal 
standard. The tube was vortexed briefly and added to 100 
µL of 10% TCA and 100 µL methanol. The tube was soni‑
cated in a water bath for 30 min and the sample was then 
centrifuged at 1500×g for 10 min. Supernatant (100 µL) was 
separated and mixed with 100 µL of 50 mM ammonium 
acetate (pH 6.8), for LC–MS/MS assay. This method was 
also adapted for use with a deep well plate by extracting ana‑
lytes from the 6 mm chads with 300 µL of extraction solu‑
tion. The plate was shaken at 1000 rpm on a Thermomixer 
C for 1 h, centrifuged at 2000 × g for 10 min, and a 100 µL 
aliquot of supernatant was mixed with 100 µL of water, prior 
to LC–MS/MS assay.

Haematocrit Effect and Blood‑to‑Plasma Partition 
Ratio

Low and high haematocrits (0.26 and 0.59) were prepared 
by adding plasma or red cells to whole blood with normal 
haematocrit (0.40). The matrix effect, process efficiency, and 
recovery were assessed as described above for plasma.

The blood-to-plasma partition ratio was determined for 
each drug at concentrations of 1, 10, and 100 µg/mL. Ali‑
quots of blood were either (i) centrifuged and the plasma 
spiked with the appropriate concentration of amoxicillin 
or (ii) spiked and processed as whole blood. The samples 
were incubated at 37 °C in a water bath for 1 h to optimise 
equilibration of drug within plasma and blood. The blood-
to-plasma partition ratio was determined using the equation 
[15]

Thermal Stability

Venous blood was collected from a healthy volunteer into 
4 mL lithium heparin anticoagulant tubes. Amoxicillin 
standard (10 µg/mL) in whole blood was prepared and 50 µL 
spotted on to a Whatman 903™ protein saver card using a 

Partition ratio=

(

Blood[Drug]

Plasma[Drug]
- (1 - Haematocrit)

)

Haematocrit
.
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positive displacement pipette and dried at 4 °C, room tem‑
perature (22 °C) and 35 °C for up to 8 h. The time zero sam‑
ple was stored at 4 °C for 10 min, then placed inside the foil 
bag with silica gel, and stored at −80 °C until analysed. The 
long-term stability of the samples was assessed at 35 °C, 
22 °C, 4 °C, and −20 °C, for pre-determined periods of 8, 
10, 30, and 175 days, respectively.

Preliminary determination of the degradation reaction 
order was by visual inspection of the concentration–time 
plots and confirmed by goodness of fit, according to the 
Akaike Information Criterion (SigmaPlot v14.5; Systat Soft‑
ware, San Jose, CA). Where a first-order reaction was appar‑
ent, a single exponential equation was fitted to the concentra‑
tion–time data to determine the degradation rate constant.

Healthy Volunteer (Bridging) Study

The healthy adult volunteer study was approved by the 
Curtin University Human Research Ethics Committee 
(HRE2021-0392). Four participants provided written 
informed consent and received a single oral dose of 500 mg 
amoxicillin with water. Finger prick capillary blood samples 
were collected onto DBS cards (Whatman 903™ Protein 
Saver Cards) at baseline, 10, 20, 30, 45, 60, 90, 120, 180, 
and 240 min following drug administration. Contempora‑
neous venous blood samples were collected into lithium 
heparin tubes. To enable comparisons between venous and 
capillary DBS concentrations, venous blood was spotted 
onto filter paper prior centrifugation. After centrifugation, 
plasma and red cell pellets were separated and kept on ice 
before storage at −80 °C. All DBS cards were air-dried at 
room temperature (22 °C) for 1 h, placed in an airtight foil 
envelope with a single desiccant sachet and stored at −80 °C.

Pharmacokinetic Modelling

A simple population PK model was developed to establish 
if the PK parameters derived from DBS values were compa‑
rable to plasma values. Each data set from the healthy vol‑
unteers, comprising one set from plasma and another from 
DBS amoxicillin samples, was individually analysed using 
a 1-compartment model (ADVAN2 TRANS2). This process 
employed the First-Order Conditional Estimation method 
with ETA–EPS interaction (FOCE-I) alongside Bayesian 
post hoc estimation, all executed using NONMEM 7.5.1 
(Icon, Dublin, Ireland).

To examine differences in population PK parameter esti‑
mates between plasma and DBS samples, the same model 
was run separately for DBS and plasma matrices. Individual 
concentrations of DBS were converted to ‘predicted-plasma’ 
concentrations using the equation: 1.35 × [DBS] = [Plasma] 
(based on the relationship between capillary DBS and 
plasma amoxicillin concentrations, whereby the slope of the 

Deming regression was 0.74; i.e., [DBS] = 0.74 × [Plasma]). 
This conversion allowed for a comparison between the actual 
and estimated plasma concentrations derived from measured 
DBS concentrations.

Data Analysis

Correlations between raw values for plasma, whole blood 
and DBS (from venous and capillary blood) amoxicillin con‑
centrations were assessed using Spearman’s rank correlation 
co-efficient (rs). Deming regression was used to determine 
the slope of the correlation and presented with 95% confi‑
dence intervals (CI95). Analyses and graphs were prepared 
using GraphPad Prism v6.05 (GraphPad Software Inc, La 
Jolla, CA, USA), SigmaPlot v14.5 (Systat Software, San 
Jose, CA, USA) or NCSS 2022 Statistical Software (v22.0.4; 
Kaysville, UT, USA). Data are presented as mean ± standard 
deviation, unless otherwise indicated.

Results

Assay Validation

Comprehensive assay validation data are shown in Table 1 
and representative chromatograms are provided in Supple‑
mentary Figure S1. Plasma and DBS precision, accuracy, 
and other validation data were within acceptable ranges 
[16–19]. The LOD and LLOQ were 0.02 µg/mL and 0.05 µg/
mL for plasma and DBS amoxicillin assays, respectively. 
The blood-to-plasma partition ratio for amoxicillin was close 
to unity.

The stability data for amoxicillin in DBS at 10 µg/mL 
are shown in Fig. 1. A bi-exponential equation provided the 
most plausible model and superior goodness of fit at higher 
temperatures, suggesting a consecutive first-order degrada‑
tion reaction. Equation parameters were used to calculate 
the time required to reach 95% of the starting concentration 
(t95). At room temperature (22 °C) and 35 °C, the t95 values 
were 3.6 and 3.0 h, respectively. However, at 4 °C, the t95 
was 26 h. No degradation was observed after 175 days at 
−20 °C and, although our stability data currently extend to 
only 6 months, the estimated t95 for amoxicillin in DBS at 
−20 °C is > 2 years. Further investigation of amoxicillin sta‑
bility during drying of the DBS at 4 °C demonstrated ≈1% 
degradation at 8 h and an extrapolated t95 of at least 40 h 
(Panel B). By comparison, at 22 °C degradation was neg‑
ligible (< 1%) during the first 3 h and approximately 5% at 
4 h, indicating minimal degradation occurred during drying 
of amoxicillin DBS and confirming the need for refrigerated 
or frozen storage of DBS within 2–3 h.
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Healthy Volunteer Study

Four adults aged between 35 and 55 (three males and one 
female; haematocrits 0.39–0.49) were recruited for the 
healthy volunteer study. A total of 44 paired plasma and 
capillary DBS samples were available for analysis, but 18 
(those prior to 30–45 min) were below the LLOQ, leaving 
26 paired samples with measurable concentrations. Dem‑
ing regression and Bland–Altman plots for the relationship 
between capillary DBS and plasma amoxicillin concentra‑
tions are shown in Fig. 2. The Spearman correlation (rs; 
95% confidence interval [CI95]) was 0.93 (0.83–0.97) and 
the slope of the Deming regression was 0.74 (0.64–0.83). 
The relationship between DBS measurements from venous 
and capillary blood was not clinically significant (Deming 
regression = 0.92; rs = 0.93; Supplementary Figure S2A). 
However, when comparing whole blood and plasma meas‑
urements, the rs was 0.98, the slope of the Deming regres‑
sion was 0.73 and the blood-to-plasma partition ratio was 
0.34 (Supplementary Figure S2B). PK parameters for the 
DBS and plasma matrices based on the population PK 
model are shown in Table 2. Concentration–time profiles 
for each individual with measured plasma-predicted and 

DBS-predicted plasma concentrations are shown in Sup‑
plementary Figure S3.

Discussion

The present study shows that highly sensitive measurement 
of amoxicillin in DBS samples is feasible and can be used 
as an alternative to plasma assays in a wide range of PK and 
PK–PD studies, including vulnerable or ambulatory patients 
where variability in bioavailability and clearance may have 
an impact on amoxicillin exposure and therapeutic efficacy. 
Our validated DBS assay has excellent characteristics in 
terms of LLOQ (0.05 µg/mL), recovery, process efficiency, 
precision, and accuracy (Table 1). The relationship between 
DBS and plasma concentration–time profiles in the healthy 
volunteer bridging study provides reassurance that DBS is a 
viable alternative to plasma samples. However, due to issues 
with thermal degradation, particularly at room- and ambient 
‘tropical’ temperatures, it is imperative that future PK stud‑
ies using this platform ensure the air drying of DBS cards is 
performed promptly before frozen storage at ≤ −20 °C. The 
present suite of laboratory and clinical experiments suggests 

Table 1   Laboratory validation data for amoxicillin in plasma and dried blood spots

Data are mean % ± SD, unless otherwise indicated
Hct is haematocrit and RSD is relative standard deviation (co-efficient of variation)
†  n = 5 different sources of plasma; ‡ n = 5 replicates of a single source of whole blood

Amoxicillin concentration (µg/mL) 0.1 0.5 1 5 10 20 50 100

Plasma
Matrix effect† 103.0 ± 10.6 92.3 ± 10.8 95.8 ± 10.2
Process efficiency† 95.4 ± 12.2 95.5 ± 8.6 92.9 ± 11.5
Absolute recovery† 93.0 ± 11.9 104.2 ± 12.6 97.2 ± 9.6
Intraday variation (RSD) 5.7 6.5 8.4 4.2 5.8 7.1 3.1 2.1
Interday variation (RSD, n = 25) 9.9 7.6 8.1 8.0 6.3 8.5 7.8 6.3
Accuracy (n = 15) 94.7 ± 9.4 96.3 ± 7.7 101.6 ± 9.2 93.4 ± 8.1 104.8 ± 4.5 106.9 ± 7.5 93.5 ± 8.0 98.1 ± 7.2
Blood:plasma partition ratio 1.01 ± 0.07 1.06 ± 0.08 0.98 ± 0.05
Dried blood spots
Matrix effect‡
Hct 0.26
Hct 0.40
Hct 0.59

93.1 ± 2.5
98.7 ± 4.9
93.9 ± 7.9

87.2 ± 4.3
97.1 ± 5.9
95.2 ± 1.5

90.9 ± 6.1
95.1 ± 2.6
96.9 ± 3.7

Process efficiency‡

Hct 0.26
Hct 0.40
Hct 0.59

103.9 ± 8.4
84.1 ± 2.4
89.2 ± 7.2

84.6 ± 3.6
83.6 ± 7.7
97.3 ± 9.4

88.5 ± 3.4
85.3 ± 2.5
92.0 ± 4.2

Absolute recovery‡

Hct 0.26
Hct 0.40
Hct 0.59

110.5 ± 6.3
85.3 ± 2.6
95.2 ± 6.3

97.2 ± 8.8
86.1 ± 5.5
102.3 ± 11.6

97.3 ± 3.3
89.8 ± 3.7
95.1 ± 8.0

Intraday variation (RSD) 5.2 4.0 5.3 6.2 4.7 3.2 4.0 5.2
Interday variation (RSD, n = 25) 9.2 7.2 9.1 8.4 7.7 4.5 6.1 5.4
Accuracy (n = 50) 98.9 ± 10.9 98.6 ± 12.8 102.8 ± 9.8 88.4 ± 9.0 94.6 ± 7.6 95.2 ± 6.9 102.2 ± 8.2 94.5 ± 6.5
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that amoxicillin DBS assays should only be used for thera‑
peutic drug monitoring under strict sampling and handling 
conditions.

Our data complement and extend recent reports of ana‑
lytical methods to measure aminopenicillins (amoxicillin 
and ampicillin) in DBS, plasma, and other microsampling 
devices in vulnerable populations [5, 20–23]. For example, 
measuring amoxicillin from heel- or finger prick sampling 

in neonates may overcome the disadvantages of traditional 
plasma PK protocols [5, 6, 21, 22], particularly in very 
young children from resource limited settings. There are, 
however, challenges to address, so that valid, clinically appli‑
cable results can be obtained [19, 24]. Contemporary analyt‑
ical validation typically comprises the use of spiked blood/
plasma to demonstrate the assay performance characteris‑
tics, such as LLOQ, which has varied from 0.01–0.25 µg/
mL for amoxicillin in 30–200 µL plasma samples [23, 25, 
26] to 0.15 µg/mL in DBS [22] and 0.05 µg/mL in the pre‑
sent study. In addition to the volume of matrix required, 
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Fig. 1   Concentration–time data for amoxicillin stability in dried 
blood spots at an initial concentration of 10  µg/mL when stored at 
35  °C (filled circle), 22  °C (unfilled delta), 4  °C (unfilled triangle) 
and −20  °C (unfilled circle). Data are mean ± standard deviation. 
Panel A. A mono-exponential (first-order) equation was fitted to the 
data at −20 °C and a bi-exponential equation was fitted to the data at 
35 °C, 22 °C and 4 °C. At 4 °C, 22 °C and 35 °C, the t95 was 26, 3.6 
and 3.0 h, respectively. No degradation was observed after 175 days 
at –20 °C. Panel B. Concentration–time data for amoxicillin in dried 
blood spots during drying at 35 °C (filled circle), 22 °C (∇) and 4 °C 
(∆). A mono-exponential (first-order) equation was fitted to the data 
at 4 °C, demonstrating approximately 1% degradation at 8 h. Degra‑
dation at 35 °C was rapid, with a t95 of one hour. At 22 °C, degrada‑
tion was < 1% at 3 h and approximately 5% at 4 h, indicating minimal 
degradation during drying of amoxicillin dried blood spots (2–3 h)

Panel A

Panel B

Plasma (µg/mL)

0 1 2 3 4 5 6

D
B
S
(µ
g/
m
L)

0

1

2

3

4

5

6

Mean amoxicillin concentration (µg/mL; (plasma + DBS)/2)

0 1 2 3 4 5 6

%
D
iff
er
en

ce
(p
la
sm

a
-D

B
S)

-100

-50

0

50

100

Fig. 2   Relationship between capillary dried blood spot (DBS) and 
plasma amoxicillin concentrations from healthy adult volunteers fol‑
lowing a single oral dose of amoxicillin. Panel A: Deming regres‑
sion (—; slope = 0.74; CI95 = 0.64–0.83; n = 26 paired samples) and 
(dashed) line of unity. Panel B: Bland–Altman plot of percent differ‑
ence versus mean amoxicillin concentration (µg/mL). The solid hor‑
izontal line is mean percent difference (8%; SD = 29%); the dashed 
lines are the upper and lower 95% confidence limits (± 1.96 × SD).
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processing, storage and transport of samples to the analyti‑
cal laboratory are important factors in the study design. In 
the present study, amoxicillin was stable in DBS for 26 h 
(Fig. 1), which is comparable to the stability in plasma [26, 
27], and consistent with the report by Mensitieri and col‑
leagues [22] who found that DBS was more efficient than 
volumetric absorptive microsampling devices at preventing 
drug degradation. Importantly, the present study has shown 
that amoxicillin DBS should be promptly dried and frozen 
at ≤ −20 °C within 3–4 h (Fig. 1).

Due to the scientific and clinical interest in microsa‑
mpling, industry and regulatory guidance is emerging to 
inform the approaches to robust validation of DBS bioana‑
lytical assays in therapeutic drug monitoring and clinical PK 
studies [9, 19, 24, 28, 29]. These guidelines and consensus 
documents specify that storage and handling, thermal sta‑
bility, homogeneity of spotting, haematocrit, carryover and 
reproducibility should be considered as minimum require‑
ments. However, there is less guidance on appropriate par‑
ticipant characteristics, sample size and reportable outcome 
requirements for clinical bridging studies [19, 30]. Neverthe‑
less, recent guidelines have provided additional recommen‑
dations for the number of paired plasma and DBS samples 
(n = 40), the ideal number of participants (n > 20) and sta‑
tistical approaches for development of an assay intended for 
regular therapeutic drug monitoring [19, 30].

Consequently, for DBS assays in research settings, our 
approach is that, in addition to demonstration of in vitro 
feasibility and suitability of a microsampling assay, pop‑
ulation-specific PK bridging studies can be performed in 
healthy volunteers [10, 12] and accessible patients with 

the infection and/or clinical condition of interest [11]. 
This should confirm that, in addition to adequate correla‑
tions between plasma and DBS concentrations, PK profiles 
have acceptable accuracy across a broad clinical spectrum. 
Where this is not possible, a hybrid approach to validat‑
ing DBS assays for clinical/field studies could be adopted, 
whereby paired DBS and plasma samples are collected 
at one or more time points for each individual (prefer‑
ably across a broad concentration/time range), therefore 
minimising logistic challenges and concerns regarding 
blood volume loss with frequent plasma sampling [30]. 
Furthermore, we have previously demonstrated that bridg‑
ing studies for DBS assays in healthy adults may not be 
directly translatable to paediatric patients due to signifi‑
cant haematocrit bias [31]. Therefore, DBS assay valida‑
tion in specific patient groups is recommended.

The potential value of determining the relationship 
between paired DBS and plasma samples in clinical/field 
studies is evident from the finding from our bridging study 
that the blood-to-plasma partition ratio was 0.34 (Fig‑
ure S2B), whereas the blood-to-plasma partition ratio in 
the initial LC–MS/MS assay validation was close to unity. 
Although detailed investigation of this discrepancy was 
beyond the scope of the present study, a notable difference 
was that the bridging study comprised plasma, blood and 
capillary DBS samples from volunteers who had received 
an oral dose of amoxicillin, whereas the initial validation 
comprised (single) volunteer blood spiked with amoxicil‑
lin. Hence, as there may be significant limitations if the 
in vitro blood-to-plasma partition ratio is used to predict 
a clinical relationship between the DBS and predicted-
plasma concentrations in patients, the most important 
comparative data in the context of the present study are 
DBS versus plasma concentrations (Fig. 2).

The present study had some limitations. First, the sam‑
ple size of the bridging study was small, with only four 
participants. Although the total number of samples col‑
lected was in the range typically recommended for clini‑
cal validation studies (> 40), there were only 26 meas‑
urable paired samples. A further limitation relevant to 
DBS assays is that free amoxicillin concentrations were 
not measured. However, due to low protein binding, total 
plasma amoxicillin concentrations are thought to closely 
parallel free concentrations [31].

In conclusion, our data show that a reliable DBS amoxi‑
cillin assay can serve as an alternative to conventional 
plasma drug measurement in an appropriate clinical set‑
ting. For therapeutic drug monitoring, DBS storage ≤ 4 °C 
and assay within the first 8 h after sampling would be man‑
datory. For research studies, freezer storage at or below 
−20 °C (preferably ≤ −80 °C) would be essential for valid 
results.

Table 2   Pharmacokinetic parameters of healthy volunteers following 
a single dose of amoxicillin according to measurement from dried 
blood spot or plasma matrices

Alag, absorption lag time; ka, absorption rate constant; CL/F, clear‑
ance relative to bioavailability; V/F, volume of distribution relative to 
bioavailability; IIV, interindividual variability; RSE, relative standard 
error; variability parameters (%) were calculated using the equation: 
100 × √(estimated variance)

Dried blood spot Measured plasma 
concentration

Parameter Point estimate %RSE Point estimate %RSE

Alag (h) 0.626 10.1 0.632 10.3
ka (h−1) 0.74 8.9 0.69 11
CL/F (L/h/70 kg) 40.8 8.4 30.7 10.3
V/F (L/70 kg) 43.2 13.8 37.4 10.5
Alag IIV 19.7 26.2 21 28.8
CL/F IIV 14.5 27.5 19.1 15.5
Proportional 

residual  
variability

38.9 13.6 42.1 12.7
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