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Aims: Measuring venous plasma paracetamol concentrations is time- and resource-
consuming. We aimed to validate a novel electrochemical point-of-care (POC) assay
for rapid paracetamol concentration determinations.

Methods: Twelve healthy volunteers received 1g oral paracetamol, and its
concentrations were analysed 10 times over 12 h for capillary whole blood (POC),
venous plasma (high-performance liquid chromatography tandem mass spectrometry
(HPLC-MS/MS)), and dried capillary blood (HPLC-MS/MS).

Results: At concentrations >30 uM, POC showed upward biases of 20% (95% limits
of agreement [LOA] —22 to 62) and 7% (95% LOA —23 to 38) compared with venous
plasma and capillary blood HPLC-MS/MS, respectively. There were no significant
differences between mean concentrations for the paracetamol elimination phase.
Conclusions: Upward biases in POC compared with venous plasma HPLC-MS/MS
were likely due to higher paracetamol concentrations in capillary blood than in
venous plasma and to faulty individual sensors. The novel POC method is a promising

tool for paracetamol concentration analysis.
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1 | INTRODUCTION

Paracetamol is a widely used over-the-counter medication and it
is one of the commonest causes of deliberate or accidental
overdose.>? However, information about paracetamol intake can be
unreliable and intoxication may be asymptomatic in the early stages.
Hence, the diagnosis of intoxication requires rapid concentration
measurement.

The severity of poisoning and clinical decision-making about anti-
dote administration are determined using the Rumack-Matthew
nomogram plotting serum paracetamol concentration against time
from ingestion.® Nomogram timelines begin four hours after ingestion,
when absorption is considered complete. In standard analyses,
paracetamol concentrations are measured in venous plasma or serum
samples. Preparation of blood samples is time-consuming and requires
skilled professionals, delaying diagnosis and potentially worsening
prognosis.

Rapid determination of paracetamol concentration would
confirm the intoxication diagnosis and enable early treatment in
hospital or even by paramedics. Further, exclusion of paracetamol
intoxication in primary care or emergency medicine would avoid
unnecessary referral of patients to secondary care, reducing health-
care costs.

Paracetamol can be readily detected with electrochemical
methods® and it is well suited to point-of-care (POC) analysis,
given the availability of inexpensive and easy-to-use portable
potentiostats.” Moreover, electrochemical test strips enable analysis
of small complex biological samples, such as whole blood, with
minimal® or no sample treatment.” Recently, we described the
production of single-walled carbon nanotube/Nafion-based test
strips (SWCNT/Nafion) with industrial high throughput methods.
The test strip showed linearity with R?0.9956 in concentrations
between 0.82 and 2000 uM, indicating good performance also at
toxic concentrations.®

We used SWCNT/Nafion test strips® to construct concentration-
time curves for paracetamol in capillary blood samples. We compared
these results with plasma and capillary concentrations measured with
high-performance liquid chromatography tandem mass spectrometry
(HPLC-MS/MS) in 12 healthy volunteers.

Comparison of capillary POC and venous plasma HPLC-MS/MS
concentration-time curves was the first step in validating novel POC
sensors, as the Rumack-Matthew nomogram is based on plasma or
serum measurements. We then compared capillary POC and capillary
HPLC-MS/MS (‘gold standard’) measurements. Finally, we used
HPLC-MS/MS to assess paracetamol concentrations in capillary
whole blood and venous plasma samples to determine whether

capillary blood could be used for concentration analyses.

What is already known about this subject

e Paracetamol intoxication is a common condition in
emergency departments and paracetamol concentration
measurement is a common analysis.

e Standard paracetamol concentration measurement
is time-consuming and requires skilled laboratory
personnel.

e A novel point-of-care electrochemical analysis method

can be used to detect paracetamol from capillary blood.

What this study adds

e The paracetamol capillary blood concentrations measured
with the novel electrochemical ‘point-of-care’ method
correlate with the ‘gold standard’ HPLC-MS/MS method
in capillary blood.

e The pharmacokinetic properties of paracetamol concen-
trations in capillary blood have previously not been deter-
mined. This study shows that paracetamol concentration
in capillary blood is higher than in venous plasma in the
absorption phase, and that maximum concentration is
reached earlier in capillary blood. After 2 h, capillary
blood and venous plasma concentrations of paracetamol

correlate closely.

2 | METHODS

21 | Study participants

After approval of the Helsinki and Uusimaa Hospital District
Ethics Committee and the Finnish Medicines Agency, we recruited
12 healthy volunteers of both sexes in accordance with the WMA
Helsinki Declaration's ethical principles. All subjects gave written

informed consent.

2.2 | Study setting and sample collection

Volunteers ingested 1g of paracetamol (Para-Tabs® 1g, Orion

Pharma, Finland) with 200 mL of water after overnight fasting.
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They had standardized meals four and eight hours after the
paracetamol.

Paired finger-prick and venous blood samples were collected prior
to paracetamol administration, followed by sampling at timepoints
0.5; 1.0; 1.5; 2.0; 3.0; 4.0; 6.0; 8.0 and 12 h.

Venous blood samples were centrifuged to plasma and frozen at
—80°C for later HPLC-MS/MS analysis. Capillary finger-prick samples
were collected for fast electrochemical POC analysis, and duplicate
capillary blood samples with the VAMS Mitra® Cartridge Blood
Sampling Device (Neoteryx, CA, USA) for later HPLC-MS/MS analysis.
Detailed description of analytical procedures can be found in the
Supporting Information.

23 | POC analysis
POC sensor strips were calibrated for paracetamol in 10 mM
phosphate-buffered saline (PBS) solution (pH 7.4) and in plasma.

All electrochemical measurements were carried out with
differential pulse voltammetry (DPV), using PalmSens4 portable
potentiostat (PalmSens BV, the Netherlands) connected to a personal
computer.

POC analysis of capillary whole blood was performed immediately
after sample collection. Prior to analysis, 20 uL of capillary blood was
diluted with 20 uL PBS in order to obtain a sufficient amount of
sample. The sample was transferred onto the test strip and the
measurement script was run. The script included an automated
incubation time of 2.5 min followed by a 30 s DPV scan. The full
protocol, including background scan, sample dilution, incubation time
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and sample analysis, could be performed in less than 5 min. Each

determination was carried out with a new disposable sensor.

24 | Pharmacokinetic and statistical analyses
The pharmacokinetic parameters were calculated using Phoenix
WinNonlin v. 6.4 (Certara, USA).

The pharmacokinetic results are expressed as geometric means
with geometric coefficients of variation (CV) or geometric mean ratios
with 90% confidence intervals (Cls), as recommended for pharmaco-
logical comparisons.®

Statistical analysis and method comparisons with Bland-Altman
plot and Passing-Bablok were performed with user-written
blandaltman and agree commands in Stata version 15.1/MP2
(StataCorp, College Station, TX, USA).>10

3 | RESULTS

3.1 | Participants

Twelve healthy subjects aged 18-28 years, nine male, three female,
European origin, were recruited; BMIs were 21-28 kg/m%(median 23);
all completed. During analysis, we suspected two subjects of violating
the protocol: initial plasma and capillary samples of one contained
paracetamol in HPLC-MS/MS, indicating prior use; blood samples
from another appeared turbid, suggesting lack of fasting. These

unconfirmed protocol violations did not result in exclusion, because

—o—Plasma HPLC-MS/MS —o— Capillary HPLC-MS/MS —¢— POC
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electrochemical point-of-care (POC)
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sensors (red diamonds). Geometric means
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the same data on a semilogarithmic scale.
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the main focus was on comparing two methods of analysis rather than
paracetamol kinetics. We also show the main analysis excluding these

individuals in Supporting Information.

3.2 | Comparison of paracetamol concentrations in
capillary POC, capillary HPLC-MS/MS and venous
plasma HPLC-MS/MS

Paracetamol concentrations were highest in capillary POC samples
and higher in capillary samples (POC and HPLC-MS/MS) than in
venous plasma HPLC-MS/MS, particularly during the first two hours
(Figure 1). Thereafter, the capillary blood and plasma concentrations
analysed with HPLC-MS/MS aligned fully while POC values remained
somewhat higher.

Individual concentration-time curves are presented in Figure S1.
Absorption was delayed in Subject 10 who may not have fasted as
required; Subject 3 had 3 uM paracetamol in plasma HPLC-MS/MS
prior to paracetamol administration. Exclusion of these two partici-
pants had little effect on the overall results. Only the range of tpax
narrowed, likely due to omitting Subject 10 (Tables S1 and S2 and
Tables 1 and 2, respectively).

The Crax and tnay of capillary POC and HPLC-MS/MS were
similar, but the AUCqy_j.st was 17% higher in POC than with

TABLE 1  Pharmacokinetic parameters of paracetamol in capillary
whole blood measured with high-performance liquid chromatography
mass spectrometry (HPLC/MS-MS) and with an electrochemical
point-of-care (POC) sensor in 12 healthy participants.

Capillary
HPLC-MS/MS
Parameter (control) Capillary POC
Crnax (LMOI/L) 98.67 (31) 101.73 (21)
Ratio-to-control 1 1.03
(90% Cl1 0.94-1.13)
P =0.5513
tmax (h) 0.5 0.5
(range 0.5-2) (range 0.5-2)
P=10
AUCq_jast (h umol/L) 283.41 (30) 330.60 (29)
Ratio-to-control 1 1.17
(90% Cl 1.10-1.23)
P = 0.0004

Note: Data were presented as geometric means with geometric
coefficients of variation (as percentage), except tax for which median and
range are shown; t,,., was compared using Wilcoxon matched-pairs
signed-ranks tests between capillary POC and capillary HPLC-MS/MS
(control). Other pharmacokinetic variables were compared with paired t-
tests on log-transformed data. Geometric mean ratios between capillary
POC and capillary HPLC-MS/MS were shown with 90% Cl. 90% Cls and
P-values were shown for differences between capillary POC and capillary
HPLC-MS/MS sample (control).

Abbreviations: AUC, area under concentration-time curve; Cl, confidence
interval; C,ax, maximum concentration; t,,.,, time to reach maximum
concentration.

HPLC-MS/MS (Table 1, Figure 1). Similarly, the AUCq_j.st Was 26%
higher in POC and 8% higher in capillary HPLC-MS/MS than in
venous plasma HPLC-MS/MS (Table 2). Mean C,,., values were 55%
and 50% higher in capillary POC and HPLC-MS/MS than in venous
plasma, respectively; t,.x was reached earlier (0.5 h) in capillary blood
than in venous plasma (1 h) (Table 2).

Comparison of POC calibration in plasma and PBS with capillary
HPLC-MS/MS is presented in Table S3.

3.3 | Comparison of methods

We conducted Bland-Altman and Passing-Bablok analyses to com-
pare the capillary POC method with HPLC-MS/MS in venous plasma
and capillary samples (Figures S2-54).

Capillary POC showed an upward bias of 23% (95% limits of
agreement [LOA] —79 to 124) compared with capillary HPLC-MS/MS
(Figure S2A). The bias was reduced to 7% when analysis was limited
to plasma concentrations 230 uM (Figure S2B). The Passing-Bablok
slope was 1.04 (95% Cl 0.98-1.10) (Figure S2C) with four datapoints
showing greater than 20 uM differences between the two methods
(Figure S2D).

Capillary POC showed a 30% upward bias (95% LOA —73 to 133)
compared with venous plasma HPLC-MS/MS (Figure S3A). At plasma
concentrations 230 uM, the upward bias and LOA decreased to 20%
(95% LOA —22 to 62) (Figure S3B). Similarly, the slope of the
Passing-Bablok regression line including all datapoints was 1.23
(95% Cl 1.16-1.29) (Figure S3C). Scattering of POC concentrations
from venous measurements with HPLC-MS/MS is shown in the
Passing-Bablok residual plot (Figure S3D).

Finally, capillary HPLC-MS/MS showed an 8% upward bias (95%
LOA —44 to 61) compared with venous HPLC-MS/MS (Figure S4A),
which increased to 12% (95% LOA —30 to 55) at plasma concentra-
tions 230 uM (Figure S4B). The Passing-Bablok slope was 1.09 with a
y-axis intercept at —0.8 (Figure S4C) and higher scattering in higher
concentrations in the residual plot (Figure S4D).

4 | DISCUSSION

In the process of developing POC test strips, this is the first in vivo
study, a mandatory step in the method validation. Here, we measured
paracetamol in healthy volunteers in the presence of its metabolites,
improving on the previous in vitro study using a similar method,® pro-
viding concentration results in 5 min in a clinical study setting.

POC correlated well with capillary HPLC-MS/MS with an upward
bias of 7% at plasma concentrations >30 uM. The upward bias of
POC in the low concentration range <30 uM is not clinically relevant.
When the POC method is compared with venous plasma
HPLC-MS/MS,; higher capillary concentrations in the absorption phase
led to overestimation of paracetamol concentrations. Individual out-
liers, particularly in the low concentration range (<30 uM), also caused

overestimation of paracetamol concentrations. This upward bias is
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Pharmacokinetic parameters of paracetamol in venous plasma (control) and in capillary whole blood measured with

high-performance liquid chromatography mass spectrometry (HPLC/MS-MS) and in capillary whole blood measured with an electrochemical

point-of-care (POC) sensor in 12 healthy participants.

Parameter Plasma HPLC-MS/MS (control)
Cnax (umol/L) 65.61 (27)

Ratio-to-control 1

tmax (h) 1

(range 0.5-2)

AUCq_jast 262.21 (26)
(h umol/L)

Ratio-to-control 1

Capillary HPLC-MS/MS Capillary POC
98.67 (31) 101.73 (21)

1.50 1.55

(90% Cl 1.36-1.66) (90% Cl 1.42-1.69)
P < 0.0001 P < 0.0001

0.5 0.5

(range 0.5-2) (range 0.5-2)

p = 0.0265 p = 0.0265

283.41 (30) 330.60 (29)

1.08 1.26

(90% Cl 1.04-1.11) (90% Cl 1.19-1.34)
P = 0.0006 P < 0.0001

Note: Data were presented as geometric means with geometric coefficients of variation (as percentage), except tnax for which median and range are
shown; t.x was compared using Wilcoxon matched-pairs signed-ranks tests between capillary HPLC-MS/MS or capillary POC and venous plasma HPLC-
MS/MS (control). Other pharmacokinetic variables were compared with paired t-tests on log-transformed data. Geometric mean ratios between capillary
HPLC-MS/MS or capillary POC and venous plasma HPLC-MS/MS (control) were shown with 90% CI. 90% Cls and P-values are shown for differences

between the respective test and venous plasma HPLC-MS/MS sample (control).

Abbreviations: AUC, area under concentration-time curve; Cl, confidence interval; C,.,, maximum concentration; t,,.,, time to reach maximum

concentration.

likely caused by electrochemically active endogenous interferents or
faulty electrodes (outliers in Figure S1 showed significantly larger
upward biases than other POC results, suggesting faults). Paraceta-
mol's metabolites are unlikely to explain the bias during absorption as
they would not yet have been formed.

Capillary kinetics of paracetamol must be studied before intro-
ducing finger-prick sampling into clinical use. The capillary blood and
venous plasma concentrations agreed almost completely during the
elimination phase (Figures 1 and S1), but the capillary concentrations
were higher in the absorption phase and t.., was reached earlier
(Table 2). This may not have clinical relevance, as in intoxication suspi-
cions the paracetamol concentrations must be assessed after four
hours from ingestion.>?

Published studies are somewhat contradictory about paraceta-
mol's pharmacokinetics in capillary blood. Our results agree with
Mohammed et al, who compared paracetamol concentrations in capil-
lary whole blood and venous samples in 12 adult males after a single
1 g dose of oral paracetamol.!* Contrary to the finding by us and
Mohammed et al., Rittau et al. found the AUC to be significantly
higher in venous plasma than in capillary plasma or saliva.}? In that
study, capillary whole blood samples were not used, differing from
the studies by Mohammed et al. and us. In addition, Rittau et al.'s
study was performed in a steady state dosing protocol and it did not
require fasting. Food intake is known to affect paracetamol's
pharmacokinetics.*®

Our findings and those of Mohammed et al. suggest rapid distri-
bution of paracetamol to capillary circulation during absorption, fol-
lowed by levelling of the difference between capillary and plasma
concentrations. This may be a result of capillary blood comprising

venous and arterial blood mixed with intra- and intercellular fluid.**

A large proportion of arterial blood in this mixture facilitates transpor-
tation of the drug to the capillary during the distribution phase.

POC electrode sensitivity and selectivity may vary due to defects
or non-uniformity in permselective coatings, changing permeability of
paracetamol and its interferents. Electrochemically active interferents,
such as uric or ascorbic acids, can cause upward bias, while plasma
proteins may passivate electrodes, causing downward bias. The latter
was not observed in the clinically used concentration range
(Figure S3B), indicating absence of large defects that allow permeation
of proteins. Upward is preferred to downward bias as false negatives
are highly undesirable. Upward biases are most likely caused by small
defects in the permselective layer of individual sensors, allowing
increased passage of interferents.*’

As the experimental setup did not enable repeated analysis in
case of faulty sensors, we performed only one measurement per time-
point. The test strips were still prototypes and quality control for mass
production was not yet available at the time of the study. Further
research is ongoing to better understand sources of sensor variability,
improve the manufacturing process, and establish quality control
methods for ensuring sensor reliability. Due to large errors in mea-
surement, we conducted crude Bland-Altman analyses without
adjusting for clustering at the level of participants, which influences
the limits of agreement.

Combined with our previous in vitro studies, this study suggests
that the novel electrochemical POC method is promising as a screen-
ing test for paracetamol. Simple sample processing and delivery of
results in minutes suggests that this could be a welcome method in
primary health care and emergency units. Further research is
needed to assess quantitative performance of the sensor at toxic

concentrations.
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Indeed, we are currently pursuing a study using samples from
intoxicated individuals to further develop this method for improving

patient safety and controlling healthcare costs.
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