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Paracetamol overdose is a leading cause of acute liver failure that can prove fatal. Establishing paraceta-
mol concentration accurately and quickly is critical. Current detection methods are invasive, time-con-
suming and/or expensive. Non-invasive, rapid and cost-effective techniques are urgently required. To
address this challenge, a novel approach, called Paper-Arrow Mass Spectrometry (PA-MS) has been devel-
oped. This technique combines sample collection, extraction, enrichment, separation and ionisation onto
a single paper strip, and the entire analysis process, from sample to result, can be carried out in less than
10 min requiring only 2 uL of raw human saliva. PA-MS achieved a LOQ of 185 ng mL™, mean recovery of
107 + 7%, mean accuracy of 11 + 8% and precision <5% using four concentrations, and had excellent line-
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arity (? = 0.9988) in the range of 0.2—200 ug mL™* covering the treatment concentration range, surpass-
ing the best-in-class methods currently available for paracetamol analysis. Furthermore, from a panel of
human saliva samples, inter-individual variability was found to be <10% using this approach. This tech-
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Introduction

Paracetamol, also known as acetaminophen, is a commonly
used medication for the management of fever and pain by
both paediatric’ and adult patients® globally. While it is gener-
ally well tolerated at therapeutic doses, overuse and overdose
can lead to serious health consequences, including acute liver
failure; paracetamol is the leading cause of liver failure in
developed countries.®> In cases of frequent overdose, the
medical outcomes can be severe, such as acute liver necrosis,*
which may require a liver transplant and can be fatal if left
untreated.” Additionally, a chronic overdose of paracetamol
has been described as a “silent killer” due to the insidious
nature of the liver damage it can cause over time.®

Accurate measurement of paracetamol levels in blood is
crucial for both therapeutic drug monitoring and diagnosis.
Currently, several methods are available for this purpose, includ-
ing immuno-enzymatic, spectrophotometric and chromato-
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nigue represents a promising tool for rapid and accurate emergency diagnosis.

graphic assays. While immuno-enzymatic assays are fast and
automated,”™" making them suitable for emergencies, they can
also be expensive and prone to interference from various sources,
such as exogenous pharmaceuticals like N-acetylcysteine (an anti-
dote for paracetamol overdose) and endogenous metabolites like
bilirubin."* On the other hand, lower-cost spectrophotometric
assays™> *® lack specificity, and the highly sensitive and specific
liquid chromatography-mass spectrometry (LC-MS),"®>* which is
considered to be the state of the art, is both time-consuming and
expensive. Hence the need for a simpler, lower-cost and faster
technique that can accurately measure paracetamol levels.
Ambient ionisation and, in particular, paper spray (PS)
mass spectrometry (PS-MS) continues to gain popularity as an
analytical measurement technique, in part due to its disposable
nature and simplicity, amongst other benefits. It has shown
promising results for a variety of applications such as diagnostic
biomarkers,*® forensics,”* water analysis,>>® drugs of abuse®’>°
and therapeutic drug monitoring.**** One of the key advantages
of PS-MS is its ability to provide fast and cost-effective analysis of
mixtures directly while maintaining a sufficient level of specificity
and sensitivity not far from that of LC-MS,* although usually
lower. This should make PS-MS an attractive choice for use with
clinical samples since it enables rapid testing without the need
for expensive and time-consuming separation procedures. It also
offers the potential for point-of-care (POC) analysis. PS-MS has
been successfully used to analyse a range of biological matrices
such as blood,>*?83234739 yrine,'” saliva,”® tears and milk,*"*>
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demonstrating its potential for clinical research. Yet despite its
promise, it has not been incorporated into routine clinical prac-
tice. Various challenges remain, particularly achieving adequate
quantitation precision in accordance with strict -clinical
requirements.*?

Saliva is a valuable biological matrix for assessing paracetamol
overdose, offering several advantages over plasma sampling.**
Since 1988, paracetamol levels in saliva have been compared with
human plasma/serum.'* Saliva sampling is non-invasive, easy to
collect, and has lower costs and clinical burden, especially in the
paediatric setting. Salivary paracetamol is a reliable indicator of
drug bioavailability,"> pharmacokinetics****” and also self-
poisoning.”"° Several clinical studies have reported a strong corre-
lation between paracetamol levels in saliva and those in plasma/
Serul,n'9711,14,15,20

Combining salivary sampling with PS-MS could simplify
sample collection and reduce analysis time for paracetamol
quantification. However, despite several publications on para-
cetamol quantification, none to the best of our knowledge
have used PS-MS. This is likely due to the significant signal
suppression caused by the matrix effect during ionisation,
which is a challenge for ambient ionisation in general, and
especially when biological
matrices'37,40,42,48751

Matrix interference occurs primarily during the ionisation of
the analyte.”® For clinical samples, endogenous substances such
as cells, proteins, lipids and salts are the most common interfer-
ences.”> When these substances co-elute with the target analyte,
they can cause an ion suppression effect that can negatively
impact quantitation. In our previous work, we found that direct
analysis of paracetamol in saliva resulted in a low signal due to
matrix interference, even after deproteination. Moreover, com-
pared to a neat solution, the incomplete removal of the saliva
matrix resulted in relatively poor spray stability.*”

LC-MS is a popular technique for clinical analysis, but tra-
ditional methods also require extensive sample preparation to
remove matrix interferences prior to MS analysis. Commonly
used sample preparation methods include protein precipi-
tation,*” liquid-liquid extraction, solid phase extraction (SPE),
ultrafiltration and centrifugation.”® However, these methods
have associated drawbacks. They usually lead to noticeable
sample loss due to incomplete isolation of the analyte from
the matrix.> Also, the use of different solvent-based extraction
methods can influence metabolite profiles, which impacts the
biological interpretation of metabolomics data.>®> Furthermore,
such steps are often laborious, time-consuming and costly.
Consumable costs might include an SPE column or ultrafiltra-
tion centrifuge tubes, which also impose limits on the
minimum size (i.e., amount) of sample required.

Recently, some innovative approaches have been investi-
gated to reduce the matrix effects that can interfere with the
analysis of biomolecules in biological samples using PS-MS.
These include supramolecular solvent microextraction from
urine,”® membrane-based matrix removal from human bio-
fluids,”” Nafion as a coating for cation exchange to enhance
desalting,”® and chemically functionalised paper substrates to
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favour extraction of certain chemical classes.>”® Although
these promising approaches can improve the sensitivity and
accuracy of biomolecule quantitation, they also require longer
sample processing times (typically >~20 min) as well as
additional equipment and/or materials, which compromise
the convenience and simplicity of PS.

This study proposes a novel solution to effectively eliminate
matrix effects in biomedia analysis augmenting precise quanti-
tation in keeping with stringent clinical analysis requirements,
whilst maintaining a low-cost, rapid, simple and environmentally
friendly method. When PS-MS was first introduced, the key
achievement was an initial proof of concept demonstration of
paper chromatography (PC) coupled with MS via paper-based elec-
trospray ionisation.®* Yet this powerful hyphenation of PC and
MS, with exceptional potential, has never been truly integrated
nor properly harnessed. PS in its typical guise does not exploit
any of the key benefits afforded by PC. Previous attempts to
combine PC and PS relied on visual detection, making it challen-
ging to identify the migration of invisible analytes,”*** while
analyte diffusion during PC separation led to a loss of signal
intensity.

To overcome these issues, we developed a novel process har-
nessing the power of paper chromatography, via a bespoke
paper geometry design, which effectively hyphenates PC and
MS in a seamless manner facilitated by on-paper ionisation,
without requiring visual indicators. The entire process of
paper-arrow mass spectrometry (Fig. 1), from sample to result,
is simple and can be readily completed in under 10 minutes
requiring only 2 pL of raw sample, yielding superior analytical
performance (LOD: 61 ng mL™", LOQ: 185 ng mL ™", r*: 0.9988,
mean recovery of 107 + 7%, mean accuracy of 11 + 8%, pre-
cision < 5%), surpassing the current state-of-the-art.

Experimental

Chemical and reagents

The details are described in the ESI (Method 17).

Standard solution preparation

The details are described in the ESI (Method 27).

Method development of PA-MS

The paper-arrow design and method development process con-
sisted of four main steps (Fig. S11), which are each covered in
the following sub-sections (i-iv).

(i) Selecting mobile phase for PC. The development of
PA-MS began by first selecting a suitable mobile phase. To aid
this process serrated paper was used, and different regions on
the paper were labelled 0-10, as shown in Fig. S2a. A sample
of 100 pg mL™" paracetamol in saliva was made by spiking
5 uL of 2 mg mL ™" paracetamol solution into 95 pL freshly col-
lected saliva. Then, 1 pL sample was applied onto the centre of
the 1st region twice (the total volume applied was 2 pL). The
paper was allowed to dry under ambient conditions for 1 min.
The paper strip was placed into a flask with one end immersed

Analyst, 2023, 148, 5366-5379 | 5367
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Fig. 1 The figure depicts the whole process of paper-arrow MS analysis with a raw saliva sample. 2 pL of saliva is first applied to a paper arrow sub-
strate, which is then introduced into the mobile phase via the base of the arrow’s shaft. The analytes in the biofluid are separated and concentrated
at the tip of the arrowhead through a ~5 min process of PC. Finally, the arrowhead is cut off for PS-MS analysis.

into the mobile phase. After ~12 min (this is the time that was
used during method development and optimisation), the front
line of the mobile phase reached the 10th region, located
50 mm from the origin, the paper strip was taken out of the
flask and dried in air for 1 min. Then, regions 0-10 were cut
apart manually (shown in Fig. S3af). Each piece of paper
underwent paper spray ionisation interfaced to a Thermo
Scientific Orbitrap Exploris 240 mass spectrometer (further
MS analysis details are contained in ESI Method 3.17). Data of
interest were extracted by performing a full scan within the m/z
range of 50-200, as well as conducting selected ion monitoring
(SIM) of paracetamol adducts, [M + H]', [M + Na]’, and [M +
K]" (Fig. S3ct). The mass tolerance was 5 ppm.

In total, four different mobile phases were trialled: (1) pure
ethyl acetate, (2) 9:1 (v/v) of ethyl acetate:formic acid, (3)
10 mM ammonium formate in 9:1 (v/v) of ethyl acetate:
formic acid, (4) 50 mM ammonium formate in 9:1 (v/v) of
ethyl acetate : formic acid. In order to provide a reference point
for the selection of the mobile phase, two additional experi-
ments were conducted using PS-MS (Fig. S3b and dt). To do
this, 100 pg mL™" paracetamol samples were prepared in saliva
or water as described earlier, and a 2 pL sample was applied to
triangular paper (as shown in Fig. S2b¥). The triangular paper
pieces were then analysed without undergoing PC, using the
same conditions as described in ESI Method 3.1.F

(i) Identifying the location of saliva matrix after PC. After
confirming the mobile phase, the next step was to determine
the distance travelled by salivary components during the

5368 | Analyst, 2023, 148, 5366-5379

chromatography process, to ensure sufficient separation of the
analyte of interest (paracetamol) from the rest of the matrix.
This was determined by estimating the extent of ion suppres-
sion to [M + H]" at each region. A higher degree of ion suppres-
sion indicated the presence of saliva in that region.

Briefly, 2 pL of blank saliva was applied at the origin of the
serrated paper strip and PC was carried out with the optimised
mobile phase. After 12 min of PC, as described in the previous
sub-section (i) (Selecting mobile phase for PC), the regions
labelled 0-10 were cut apart, and 2 pL of 100 pg mL™" paraceta-
mol in water was applied onto each region. After drying in air
at room temperature, full scan (m/z 50-180) MS data and single
ion monitoring (SIM) of [M + H]" (m/z 152.0706), [M + Na]* (m/
z 174.0525), and [M + K]" (m/z 190.0265) of paracetamol were
acquired (Fig. 2 and Fig. S47).

To obtain a reference point to determine the extent of the
signal suppression of [M + H]', a serrated paper strip was cut
into separate paper regions. Then, 2 pL of 100 pg mL~" parace-
tamol in water was applied to each region. After drying, SIM of
[M + H]" was acquired. The signal suppression of [M + H]" at
each region was calculated using Eqn (1)

Ton suppression of [M + H] " at paper region, (%)
B (1 intensity of [M + H|" from the saliva at region; after PC)
B intensity of [M + H] " from water without saliva and PC
X 100

(i=0,1,2,3,4,5,6,7,8,9,10).

(1)

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Estimation of the positions of saliva components after PC. (a) A schematic workflow illustrating the PC method, where 2 pL of blank saliva
was treated with the mobile phase for 12 min. The paper strip was cut along the serrated regions (regions 0—10). 2 L of water spiked with 100 ug
mL™ paracetamol was pipetted onto each piece of paper (i.e. each region). After they were air-dried, MS analysis was performed (further details are
provided in ESI Method 3.17). (b) Signal suppression extent of protonated paracetamol, [M + H]*, from a saliva sample for each region after PC was
conducted; this was obtained by comparing the signals obtained from each region with that of blank water spiked with the same concentration of
paracetamol i.e., standard dissolved in water added onto an independent piece of paper for direct analysis without PC (mean + SD, n = 3). lon sup-
pression was calculated using Eqn (1). (c) SIM showing the intensity of [M + Na]* and [M + K]* ions of paracetamol in each region (mean + SD, n = 3).
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(iii) Identifying the location of paracetamol after PC. 2 pL
of 100 pg mL ™" paracetamol in saliva was applied onto the ser-
rated paper strip and 12-min PC was conducted with the
mobile phase, 50 mM ammonium formate in 9: 1 (v/v) of ethyl
acetate : formic acid. SIM of [M + H]', [M + Na]’, and [M + K]"
were acquired. The process of the experiment and corres-
ponding data are shown in Fig. 3.
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(iv) Optimising paper substrate design to concentrate para-
cetamol. The dimensions of the arrow-shaped paper are shown
in Fig. S2.1 The paper-arrow was laser cut and washed using
the procedure described in ESI Method 4.7 A pencil was used
to mark a dot centrally on the shaft at distances of 5 mm,
10 mm, and 15 mm below the base of the arrowhead (Fig. 4).
Similarly, 2 uL of saliva spiked with 100 ug mL™" paracetamol
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Fig. 3 Identification of paracetamol's position after PC. (a) A schematic diagram of the workflow. 2 pL of saliva, spiked with 100 pg mL! of parace-
tamol was added at region 0. It was inserted into the mobile phase for 12 min of PC. After drying in the open air, the serrated paper strip was cut and
each region was subjected to MS analysis (ESI Method 3.11). (b) lon intensities of [M + HI*, [M + Na]* and [M + KI* of paracetamol in each region

(mean + SD, n = 3).
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Fig. 4 The figure presents a comparison of three positions of sample application on an arrow-shaped paper substrate. (a) Schematic presentation
of the experiment in which 2 pL of 100 ug mL™* paracetamol in saliva was spotted onto application points located at distances of 5 mm, 10 mm and
15 mm from the base of the arrowhead. After drying in air, the arrow-shaped paper strips were immersed in the mobile phase, and the front of the
mobile phase reached the tip of the arrowhead within 5 min. (b) Intensities of [M + H]* (mean + SD, n = 4). One-way ANOVA reported p = 0.0032,

Tukey's post hoc test was noted in the figure (p < 0.01).

was applied onto these locations, and 5 min of PC was carried
out with 50 mM ammonium formate in 9:1 (v/v) of ethyl
acetate : formic acid. After drying in air, the arrowhead of the
paper was manually cut off and the protonated molecular ion
of paracetamol, [M + H]", was monitored (Fig. 4).

Evaluation of paper-arrow compared with paper spray

Ion suppression. To evaluate the performance of PA-MS for
salivary paracetamol detection, experiments were carried out
in comparison with traditional PS-MS. Regarding PS-MS, 2 pL
of 100 pg mL™" paracetamol in saliva or water was applied
onto triangular paper and analysed directly (i.e., without any
PC). While for PA-MS, 2 uL of 100 pg mL™' paracetamol in
saliva or in water was applied onto the 10 mm position of the
arrow-shaped paper and analysed after 5 min PC with 50 mM
ammonium formate in 9:1 (v/v) of ethyl acetate : formic acid
as the mobile phase. The intensities of [M + H|', [M + Na]",
and [M + K]" were acquired by SIM (Fig. 5a and S57).

Estimating the matrix effect and inter-individual variation
among human saliva samples. To evaluate the impact of vari-
ations in individual saliva matrices, seven participants were
recruited for the study with requisite ethical approval
(University of Liverpool, approval number: 10058). Their

This journal is © The Royal Society of Chemistry 2023

resting saliva was collected as described in ESI Method 5.1 The
demographic information pertaining to the seven participants
is summarised in Table S1.f Saliva samples from all partici-
pants were spiked with the same concentration of 100 pg mL ™"
paracetamol, and analysed with PA-MS and PS-MS (Fig. 5¢ and
Table 1).

Visualisation of paracetamol migration. As part of the
method development, for investigative and validation pur-
poses, in order to visually compare paracetamol’s distribution
on arrow-shaped paper after PC with that of traditional tri-
angular paper, we used a colourimetric method (details in ESI
Method 6%). Upon dyeing, the paracetamol on the paper
assumed the colour of Prussian blue (Fig. 5b and Fig. S67).

Method validation of paper arrow MS

Linearity, LOD and LOQ of salivary paracetamol by PA-MS/
MS and UPLC-MS/MS. Validation of the PA-MS/MS method
involved the use of an internal standard (IS), paracetamol-D4,
and the peak area ratio of paracetamol to the IS. For the cali-
bration solutions, seven concentration levels of paracetamol at
5, 10, 25, 50, 100, 500, and 1000 ng mL™" with 500 ng mL™"
paracetamol-D4 were prepared with saliva and water. Five sets
of experiments were conducted in this section: (i) paracetamol

Analyst, 2023, 148, 5366-5379 | 5371
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Fig. 5 Comparison between PA-MS and PS-MS. (a) The intensities of [M + H]*, [M + Na]* and [M + K]|* for 2 uL 100 pg mL™* paracetamol in water or
saliva, measured by PA-MS or PS-MS (mean + SD, n = 3). (b) Staining results, illustrating the movement of paracetamol from water and saliva on tri-
angular paper after PS-MS, and on arrow-shaped paper after PA-MS. For this analysis, 2 pL of 100 pg mL™t paracetamol in water or saliva was
applied and stained using a colourimetric method (ESI Method 671). (c) Comparison of participants’ resting saliva samples and blank water, each
spiked with 100 pg mL™* paracetamol, and detected by PA-MS and PS-MS (mean + SD, n = 3).

in raw saliva detected by PA-MS/MS, (ii) paracetamol in pure
water detected by PA-MS/MS, (iii) paracetamol in raw saliva
detected PS-MS/MS, (iv) paracetamol in pre-treated saliva
detected PS-MS/MS, and, (v) paracetamol in pre-treated saliva
by UPLC-MS/MS. In the last two experiments mentioned (iv
and v), which used pre-treated saliva, the treatment of saliva
samples was as follows: spiked saliva samples were deprotei-
nated with methanol (1:4, v/v), stood for 30 min at —20 °C,
and then centrifuged for 20 min with 14 000 rpm at 4 °C. The
supernatant was diluted 4 times with water.

For the MS parameters of PA-MS/MS, the multiple reaction
monitoring (MRM) transitions were: m/z 152.0706 — 110.0600

5372 | Analyst, 2023, 148, 5366-5379

(quantifier) for paracetamol, and m/z 156.0957 — 114.0850
(quantifier) for paracetamol-D4. For UPLC-MS/MS, the MRM
transitions were: m/z 151.94 — 109.95 as a quantifier for para-
cetamol and m/z 155.96 — 114.05 as quantifier for paraceta-
mol-D4. Further details are given in ESI Method 3.}

Linearity, accuracy and precision of PA-MS/MS within the
range of 0.2-200 pg mL™". According to new guidance® on the
treatment of paracetamol overdose with intravenous acetylcys-
teine issued by the British government, the treatment
threshold for timed plasma paracetamol concentration is
either at or above the intersection points of 100 pg mL™" at
4 hours post-ingestion and 15 pg mL™" at 15 hours post-inges-

This journal is © The Royal Society of Chemistry 2023
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Table 1 Signal intensities of [M + HI* of 100 pg mL™* of paracetamol in
raw saliva from 7 participants using PS-MS and PA-MS

Signal intensities of [M + H]" from paracetamol

Detection Matrix
method (n = 3) Mean SD cv* effect”
PS-MS 6.11 x 107 9.94 x 10° 16.3% 64.0%
PA-MS 1.23 x 10® 1.16 x 107 9.4% 87.9%

“CV = SD/mean. ” Matrix effect = mean of the intensities of paraceta-
mol from 7 participant’s samples/mean of paracetamol intensities in
water.

tion. Therefore, in this section, the linearity of paracetamol
concentration in saliva over an increased range of 0.2-200 pg
mL~" by PA-MS/MS was evaluated. Serial dilution was used to
prepare calibration solutions of paracetamol in saliva at 0.2, 1,
5, 25, 50, 100, 200 pg mL~" and each with 1 pg mL™" paraceta-
mol-D4, prior to PA-MS/MS analysis. The corresponding linear
regression equations and correlation coefficients (*) were cal-
culated (Fig. 6 and Table S77).

Extraction recovery and matrix effect of PA-MS/MS. The
experiment to evaluate the extraction recovery of salivary para-
cetamol by PA-MS/MS was conducted as shown in Fig. S8.f
First, samples of 0.2, 1, 25, and 100 pg mL~" paracetamol were
prepared with saliva and water, respectively. For the pre-PC
spiked set, 2 pL of saliva samples spiked with paracetamol
were applied onto the arrow-shaped paper. After completing
PC, 2 pL of 1 pg mL™" paracetamol-D4 in water was added onto
the cut arrowhead to conduct MS analysis. For the post-PC
spiked set, 2 pL of blank saliva was applied onto the shaft of
the arrow-shaped paper before running PC. After PC, the
arrowhead was cut off, 2 pL of water spiked with the same con-
centration of paracetamol and 1 pg mL™" paracetamol-D4 was
applied onto the arrowhead for MS analysis. Peak area ratios

c
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Fig. 6 Calibration curve of salivary paracetamol detected by PA-MS/MS
with a concentration range of 0.2-200 pug mL™%, covering the timed
British clinical overdose treatment reference concentrations (as high-
lighted within the figure). Data expressed as mean + SD, n = 5 and
further details are provided in Table S7.7
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for the product ion of paracetamol (m/z 110.060) over that of
paracetamol-D4 (m/z 114.085) were used to calculate the extrac-
tion recovery at four concentration levels as per Eqn (2).°® The
results are shown in Table 3.

Extraction recovery (%)
calculated concentration of paracetamol in salivape.pc spiked

" calculated concentration of paracetamol in salivapost-pc spiked
x 100

(2)

The matrix effects of PA-MS/MS were evaluated at four con-
centration levels of 0.2, 1, 25, and 100 ug mL ™" paracetamol
with 1 pg mL™" paracetamol-D4, in saliva and water. The
samples were applied onto the origin of the arrow-shaped
paper and detected after 5 min PC. The matrix effect was calcu-
lated with Eqn (3) and (4) following EMA guidelines (shown in
Fig. 7).%°

Matrix effect of paracetamol (%)

_ peakarea of product ion of paracetamol,; ., 100
~ peakarea of product ion of paracetamoly j,  wacer

(3)
Matrix effect of paracetamol-D4 (%)
_ peakareaof product ion of paracetamol-D4,jiy, % 100
" peakarea of product ion of paracetamol-D4pjankwater

(4)

Intra-day and inter-day precision. The intra-day and inter-
day method precision and accuracy were evaluated for PA-MS/
MS with 0.2, 1, 25, and 100 pg mL™' paracetamol levels.
Table 4 contains the corresponding data that meets the
requirements of the International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human
Use (ICH).

150- Bl Matrix effect of paracetamol
Matrix effect of IS
€ M b
: "
=
()
X
= 504
(C
=
0- T T T T
oY N o 5

Paracetamol concentration (ng/mL)

Fig. 7 Matrix effects of paracetamol and paracetamol-D4 (IS) by
PA-MS/MS.
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Statistical analysis

All above experiments were repeated at least 3 times. Average
peak intensities of [M + H]", [M + Na]’, and [M + K]" were cal-
culated for method development and verification of PA-MS/
MS. Statistical analyses were performed and graphs were pre-
pared by the software of GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, US). One-way ANOVA and Tukey’s
multiple comparison test were carried out for comparison
among groups. A graph was created by plotting the average
peak area ratio of the paracetamol quantifier over that of para-
cetamol-D4 versus the theoretical concentrations.

Results and discussion
Design and method development of paper-arrow

Overview of the design. The basic concept of PA-MS is illus-
trated in Fig. 1, showing how the analyte of interest is effec-
tively separated from the matrix and concentrated, allowing for
an almost matrix-free PS analysis. Importantly, PA-MS retains
the characteristic benefits of classic PS, including simplicity
and speed, whilst harnessing the power of PC, with a simple
and straightforward three step process: (i) sample application,
(if) paper chromatography (by dipping the paper strip into the
mobile phase), and (iii) isolating (e.g., cutting) the arrowhead
to enable MS analysis.

In order to design and develop an effective paper arrow sub-
strate, four main steps are carried out which are covered in the
following:

Step 1. Selecting the mobile phase for PC

The development of PA-MS began by first selecting a suit-
able mobile phase, which is a key consideration for the
success of PC.°® Guided by the literature,®”®® pure ethyl
acetate was initially tested as the mobile phase but failed to
sufficiently transport paracetamol away from the origin; this
was evidenced by monitoring the protonated molecular ion
peak of paracetamol, [M + H]', which was most intense in the
region closest to the origin, even after PC (Fig. S3b¥). Upon
further inspection, intense sodium adducts, [M + Na]’, and
potassium adducts, [M + K]', were also observed; the signal
intensity of [M + Na]" was similar to that of [M + H]" at the
origin when pure ethyl acetate was used as the mobile phase
(Fig. S3ct). Metal ion adducts are likely formed due to the
high sodium and potassium salt concentrations in raw saliva.
The competition between protons and metal ions for paraceta-
mol can affect the sensitivity and reproducibility of the ana-
lysis. The reproducibility of metal adduct ion formation is
often poor and highly influenced by the sample preparation
method and solution pH in conventional electrospray ionis-
ation.®® Previous studies have shown that the addition of
formic acid and volatile ammonium salts can suppress metal
ion adduct formation and mainly produce [M + HJ]" ions.”
Therefore, 10% formic acid and two concentrations of
ammonium formate (NH,HCO,) in ethyl acetate were incorpor-
ated into the mobile phase to enhance the sensitivity of para-
cetamol in saliva.
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The intensity of each serrated region after PC was compared
with that of 2 pL of 100 pg mL™" paracetamol in water or saliva
using classic PS-MS/MS. Results showed that 50 mM NH,HCO,
in 9:1 ethyl acetate : formic acid (v/v) as the mobile phase pro-
duced the highest intensity of [M + H]" at a distance of 15 mm
from the origin, which was deemed sufficient (region 3,
Fig. S3dt). Thus, the mobile phase used for PA-MS analysis in
this study was confirmed to be 50 mM NH,HCO, in 9:1 ethyl
acetate : formic acid (v/v), which will be referred to as “the
mobile phase” throughout this article.

Step 2. Identifying the location of saliva matrix after PC

The aim of this step is to assess the migration of the matrix
(in our case saliva) in the mobile phase. The experimental
process is illustrated in Fig. 2a. As human saliva is a complex
biofluid comprising a vast array of organic and inorganic com-
ponents,”" including over 770 prokaryotic species,”> 0.9 =+
0.2 mg mL™" protein (~3449 proteins),”* and 20-80 mmol L™*
sodium and 20 mmol L™" potassium salts,”"”* it is impractical
to identify the travelling distance of every single salivary com-
ponent. Ultimately, our goal is to sufficiently separate paraceta-
mol from those salivary components that will otherwise inter-
fere with its MS analysis. Therefore, we adopted an approach
in which the extent of ion suppression to paracetamol was
used as an indicator to determine the location of the interfer-
ing saliva components after performing PC. As shown in
Fig. 2b, the suppression extent of [M + H]" at region 0 was high
(89.3%), indicating that most of the interfering saliva com-
ponents stayed close to the origin after performing the PC
process. This made it possible to separate paracetamol from
the saliva matrix. Although the other regions also showed
some level of suppression of [M + H]', a clear trend emerged:
ion suppression reduced with increasing distance from the
origin.

Interestingly, we observed the highest intensities of parace-
tamol adducts, [M + Na]" and [M + K], at region 1 (5 mm from
the origin), as shown in Fig. 2¢c. Their respective full scan MS
spectra are shown in Fig. S4,F where the protonated molecular
ion peak gradually intensified at subsequent regions. This
suggests that sodium and potassium salts originating from the
saliva did not travel much further than 5 mm from the sample
application area. The results of this experiment enabled us to
effectively determine the location of the salivary matrix. Based
on these findings, it can be inferred that most salivary com-
ponents, that would otherwise inhibit ionisation, are not effec-
tively transported during PC, which provides a promising foun-
dation for the extraction and separation of paracetamol from
saliva.

Step 3. Identifying the Location of Paracetamol after PC
Since it was deduced that most of the interfering saliva con-
stituents remained close to the origin, the third step was to
identify the location of paracetamol after being transported by
PC. For this experiment, 2 pL of saliva mixed with 100 pg/mL
paracetamol was spotted at the origin (Figure 3a). Unlike the
previous experiment, no further spiking was conducted after
PC. The intensities of [M + H], [M + Na]", and [M + K]" of each
piece of paper at each region are plotted in Figure 3b. The

This journal is © The Royal Society of Chemistry 2023
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intensity of [M + H]" was lowest at the origin but increased
by about 200-fold to its highest level at a distance of
~15 mm from the origin. This suggests that the majority of
paracetamol was carried away from the origin by the mobile
phase, enabling it to be effectively separated from the saliva
matrix. It is worth noting that the peak intensities of [M +
Na]" and [M + K]" were considerably lower across all
regions, only slightly above the background signal (Fig. 3b).
This significant decrease in the intensity at the origin,
where paracetamol was added, is due to its transportation
away from the sample application point. These findings
clearly demonstrate that paracetamol can be effectively sep-
arated from salivary salts by PC.

Step 4. Optimising paper substrate design to concentrate
paracetamol

After successfully separating paracetamol from the matrix
using PC, the fourth and final step to complete the new
method development was to integrate PC and MS into a seam-
less and efficient workflow. Previous attempts in the literature
to combine these techniques were ad hoc and relied on visual
detection to identify analyte regions for subsequent PS-MS
analysis.®' " Classic PC is limited to compounds that can be
visibly identified (which also requires sufficient concen-
trations). Another major drawback is analyte diffusion during
PC is not effectively controlled, resulting in a significant loss
of analyte signal intensity. It is well known that chemicals
inevitably diffuse in the mobile phase during chromato-
graphy,”® and this uncontrollable diffusion was also observed
during our optimisation experiments using serrated paper
strips. For instance, in Fig. 3b, we detected the protonated
molecular ion of paracetamol, [M + H]', with an appreciable
signal intensity in region 2 and even as far as region 10, indi-
cating that paracetamol had diffused over a large area, result-
ing in a significant loss of analyte signal intensity.

To address the issue of diffusion, we designed an arrow-
shaped paper and modified the PC process using insights
gained from the experiments already noted. The paper dimen-
sions of the arrow-shaped paper are given in Fig. S1. Contrary
to the process of traditional PC, in which mobile phases are
not allowed to reach the far end of the paper, we allowed the
mobile phase front to reach the tip of the 47.5 mm long arrow-
shaped paper within a timeframe of 5 min. Our aim was to
rapidly transport paracetamol molecules to the tip of the
arrowhead, thereby concentrating them, as depicted in Fig. 4a.
Furthermore, three initial positions for sample spotting, at 5,
10 and 15 mm (measured from the base of the arrow head),
were compared in relation to signal intensity. Fig. 4b shows
that the highest signal intensity was achieved when the sample
was applied at the 10 mm position.

Evaluation of paper-arrow compared with paper spray

Ion suppression. In this section, we determine whether the
PA-MS approach in this study can eliminate the ion suppres-
sion effect of saliva. In brief, we applied 2 pL of 100 pg mL™"
paracetamol in either saliva or deionised water onto a tra-
ditional triangular paper spray substrate or a novel paper-

This journal is © The Royal Society of Chemistry 2023
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arrow substrate for subsequent MS analysis. Each experiment
was performed in triplicate and the intensities of [M + H|', [M
+ Nal’, and [M + K] were compared. As shown in Fig. 5, the
results clearly demonstrate the significant advancements of
PA-MS. When detected using traditional PS-MS, the intensity
of the protonated paracetamol molecular ion, [M + HJ, in
saliva was suppressed to 13.6% of that in water (p = 0.0006). In
contrast, PA-MS yielded a signal for the protonated molecular
paracetamol ion, [M + H]", in saliva that was ~93.4% of the
intensity in water (p = 0.7133). With more than a 10-fold
increase in signal intensity, PA-MS almost completely elimi-
nated the matrix effect of saliva. The significantly reduced
signals of [M + Na]" and [M + K]" in PA-MS also support this
finding (Fig. 5a). Interestingly, as shown in Fig. 5a, the signal
of [M + HJ" in blank water also improved from 1.56 x 10° in
PS-MS to 2.20 x 10° in PA-MS, although the p-value was 0.2691.
This improvement suggests that PA-MS is able to effectively
concentrate analytes. This deduction was further supported by
visualising the distribution of paracetamol on the paper sub-
strates, as shown in Fig. 5b, where paracetamol (blue stain)
was concentrated near to the apex of the arrowhead following
PC. This enrichment effect can also be observed by consider-
ing the SIM chromatograms (Fig. S5t), indicating that the
mobile phase reached the end of the paper, concentrating
paracetamol at the tip of the arrowhead resulting in a higher
initial signal. The enrichment effect is an additional advantage
afforded to PA-MS. Additional images from the staining experi-
ment are shown in Fig. S6.f

Estimating the matrix effect and inter-individual variation
among human saliva samples. Given the significant inter-indi-
vidual variability (as high as 57%) in saliva composition,”® it is
likely that matrix effects would also differ among individuals
during paracetamol detection using PS-MS. The separation of
paracetamol from the saliva matrix by PA-MS could potentially
mitigate this variability. To test this hypothesis, we recruited
seven adult participants and collected their resting saliva, with
their demographic information summarised in Table S1.7
Each individual’s saliva was spiked with 100 pg mL™" of para-
cetamol and independently analysed by both PA-MS and
PS-MS. As shown in Fig. 5¢ and Table 1, the average matrix
effect observed with PS-MS was 64.0%, with a coefficient of
variation (CV) of 16.9% across the seven participants, both of
which did not meet the required +15% threshold. In contrast,
PA-MS significantly improved the matrix effect to 87.9% while
effectively controlling the CV to 9.5%. These results further
support the notion that PA-MS can effectively overcome the
matrix effect associated with saliva.

So far, the PA-MS method for detecting paracetamol in
saliva has been successfully developed, achieving a key goal of
eliminating the matrix effect whilst providing analyte enrich-
ment. With a simple, rapid and user-friendly process of PC,
the intensity of the protonated paracetamol molecular ion, [M
+ H]", was increased by more than an order of magnitude, sig-
nificantly reducing the matrix effect, and yielding CV values
that are within the required clinical range of +15% across
different individuals.
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Method validation of PA-MS

LOD, LOQ and linearity. To validate our method, we used
tandem mass spectrometry (PA-MS/MS) and peak area ratios of
paracetamol to paracetamol-D4 (internal standard, IS). The
validation study comprised five sets of experiments using PA-,
PS- and UPLC-MS/MS, specifically: (i) paracetamol detection in
pure water and (ii) paracetamol detection in raw saliva using
PA-MS/MS; (iii) detection of paracetamol in raw saliva and (iv)
in pre-treated saliva (deproteinated and diluted four times to
reduce matrix and desalt) using PS-MS/MS; finally, (v) detec-
tion of paracetamol in pre-treated saliva using UPLC-MS/MS.
Each experiment was repeated 3 times. Results are summar-
ised in Table 2, and additional experimental parameters are
described in ESI Method 3.7

Each calibration curve was meticulously constructed using
seven concentration levels of paracetamol, which ranged from
5-1000 ng mL . Each concentration level was spiked with 500 ng
mL ™" paracetamol-D4 to serve as the IS. The quantifier peak area
ratios of paracetamol over paracetamol-D4 were measured and
plotted against the theoretical concentrations to generate the cali-
bration curves (Fig. S7t). The accuracy and precision of the cali-
bration curves were evaluated using the correlation coefficient
(), slope of the linear regression equation, limit of detection
(LOD), and limit of quantitation (LOQ). Results from the five sets
of experiments were compiled and presented in Table 2.
Additional data relating to the evaluation of method precision
and accuracy are provided in Tables S2-S6.1

The linearity of the paracetamol calibration curve in raw
saliva using PA-MS/MS was found to be comparable to that
obtained from pre-treated saliva wusing UPLC-MS/MS.
Remarkably, the LOD and LOQ of paracetamol in raw saliva
using PA-MS/MS were 61.10 ng mL™" and 185.15 ng mL™ ",
respectively. Notably, these values were even lower than those
achieved using UPLC-MS/MS and were found to be similar to
the LOD and LOQ in pure water when analysed using the same
method (PA-MS/MS).

Furthermore, the time and volume of solvent consumed by
PA-MS/MS was 6.6 min and 65 pL per sample, much less than
62.5 min and 2700 pL per sample of UPLC-MS/MS (Table S87).

Table 2 LODs and LOQs for paracetamol detection in the range of
5-1000 ng mL7! in saliva and water by PS-MS/MS, PA-MS/MS and
UPLC-MS/MS

Detection LOD? LOQ?
Matrix method r (ngmL™")  (ng mL™Y)
Raw saliva PA-MS/MS 0.9969 61.10 185.15
Pure water PA-MS/MS 0.9971 60.96 184.71
Pre-treated saliva® UPLC-MS/MS 0.9967 65.18 197.50
Pre-treated saliva® PS-MS/MS 0.9941 93.38 282.98
Raw saliva PS-MS/MS 0.9864 135.91 411.83

Calibration curves, precision and accuracy of each method are shown in
Fig. S7 and Tables S2-S6, respectively. “LOD = 3.3 x SD of response/
slope. LOQ = 10 x SD of response/slope.  Treatment of saliva samples:
saliva samples were deproteinated with methanol (1:4, v/v), stood for
30 min under —20 °C, and then centrifuged for 20 min at 14 000 rpm and
4 °C. The supernatant was diluted with water (1 : 4, v/v).
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These findings suggest that the PA-MS/MS method is a better-
performing, more cost-effective, efficient and sustainable
approach for analysing saliva samples.

Compared to other studies for the direct detection of para-
cetamol in biofluids, PA-MS demonstrated significantly better
sensitivity. For instance, a recent study reported a LOQ of
2.9 pg mL™" for paracetamol in serum samples, which had
been diluted five-fold and treated with an electrokinetic extrac-
tion syringe to remove proteins.”” In contrast, our PA-MS
method allowed for the direct analysis of raw samples without
the need for complex apparatus or dilution. The process of PC
simultaneously achieved deproteination and desalting of the
samples while concentrating the analyte of interest. These
unique features of paper-arrow exhibit better sensitivity whilst
making it a more practical solution, enabling analysis direct
from raw saliva.

Lower LODs and LOQs for detecting paracetamol have been
reported in some studies that treated biofluid samples with
traditional methods like protein precipitation. For instance,
R. K. Kam et al. reported a LOQ of 125 ng mL™" for paraceta-
mol in 20 pL of blood serum using LC-MS (LOQ defined as an
S/N ratio higher than 10).”® However, if using the same quanti-
fication criterion, the LOQ in this study would be far superior,
5 ng mL~" with a S/N of 135.93 (Table S21). Other studies have
used +15% of CV and accuracy as the criteria to define the
LOQ, and reported a value of 20 ng mL™" for 50 pL of
sample.”® In comparison, PA-MS/MS showed that the CV and
accuracy for 50 ng mL™" paracetamol in saliva were 3.4% and
3.2%, respectively, with only 2 pL of saliva sample (Table S27).
Furthermore, the sample pre-treatment methods used in those
studies were more complicated and time-consuming than
PA-MS/MS, our method achieved comparable sensitivity with
lower sample volume and a much simpler treatment
procedure.

In clinical practice, higher concentrations of paracetamol
are typically detected in patients experiencing overdose.®® In
response to new guidelines from the British government,
which suggest treating paracetamol overdose with intravenous
acetylcysteine, the recommended treatment threshold for
timed plasma paracetamol concentration is now set at or
above 100 pg mL™" at 4 hours after ingestion and 15 pug mL™*
at 15 hours after ingestion.®* To facilitate this new guidance, a
calibration curve was constructed covering a wider range of
concentrations, from 0.2 pg mL™" (LOQ) to 200 pg mL™*. The
results demonstrated excellent linearity and accuracy, with the
accuracy being less than 20% within the required guidelines
(Fig. 6 and Table S77).

Recovery and matrix factors of salivary paracetamol. A key
feature of PA-MS/MS is the seamless and integrated pre-treat-
ment of saliva samples using PC. Thus, extraction recovery and
matrix effects are essential metrics to evaluate the effectiveness
of PA-MS/MS for the detection of spiked paracetamol in a sali-
vary matrix. The experiment of extraction recovery was con-
ducted as shown in Fig. S8, and the calculations for extraction
recovery and matrix effect are described by Eqn (2)-(4).
According to the ICH guideline M10 on bioanalytical method

This journal is © The Royal Society of Chemistry 2023
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Table 3 Extraction recovery of spiked paracetamol detection in saliva using PA-MS/MS
Calculated concentration
-1 —
(ngmL ) (n=3)
Spiked paracetamol concentration (ug mL™")  Spiking time point ~Mean  SD cv Recovery (Eqn (2))  Accuracy (bias, pre-PC)
0.2 (LOQ) Pre-PC 0.240 0.004 1.7% 106% 19.9%
Post-PC 0.226 0.04 18.1%
1 Pre-PC 1.13 0.05 4.1% 114% 13.0%
Post-PC 0.99 0.04 3.7%
25 Pre-PC 25.18 0.31 1.2% 98% 0.7%
Post-PC 25.77 0.11 0.4%
100 Pre-PC 111.3 1.27 1.1% 108% 11.3%
Post-PC 103.0 0.28 0.3%
Table 4 Intra-day and inter-day precision of paracetamol detection in saliva by PA-MS/MS
Intra-day” Inter-day”
Peak area ratios Peak area ratios
Paracetamol concentration (ug mL ™) Mean SD Ccv Day Mean SD Ccv
0.2 (LOQ) 0.266 0.008 2.9% Day 1 0.262 0.005 2.0%
Day 2 0.260 0.002 0.7%
Day 3 0.264 0.003 1.2%
1 1.15 0.04 3.3% Day 1 1.15 0.05 4.2%
Day 2 1.11 0.02 1.8%
Day 3 1.14 0.03 2.4%
25 23.47 0.84 3.6% Day 1 23.23 0.41 1.8%
Day 2 24.83 0.17 0.7%
Day 3 24.37 0.34 1.4%
100 91.46 2.46 2.7% Day 1 91.32 2.57 2.8%
Day 2 100.0 5.01 5.0%
Day 3 102.2 2.88 2.8%

“n =10, mean accuracy + SD = 9.0 + 11.5%. bp=5 per day (3 days), mean accuracy + SD = 10.6 + 7.7%.

validation, the recovery and matrix effects should be within
100 + 15% and accuracy within +20% of nominal concen-
tration.®® Table 3 shows that PA-MS/MS achieved acceptable
recovery and accuracy at four different concentrations of para-
cetamol. Fig. 7 demonstrates that the matrix effect of paraceta-
mol and paracetamol-D4 at these four concentrations, for
PA-MS/MS, fell within the range of 89.5-105.0% and
88.1-96.5%, respectively. Therefore, PA-MS/MS meets the cri-
teria for recovery and matrix effects.

Intra-day and inter-day precision. To assess the accuracy and
precision of PA-MS/MS, four different concentration levels
were tested across three days, with each test being replicated
five times per day (Table 4). The results showed that the intra-
day precision was CV < 3.6% (mean accuracy = 9.0 + 11.5%),
while the inter-day precision was <5.0% (mean accuracy = 10.6
+ 7.7%). These are compliant with requirements set by the
ICH (CV within +15% and accuracy within +20%).

Conclusions

In conclusion, paper-arrow mass spectrometry combines
sample collection, extraction, separation, enrichment and ion-

This journal is © The Royal Society of Chemistry 2023

isation onto a single paper strip, achieving simple, fast, cost-
effective and eco-friendly analysis - with superior analytical
performance, consistent with clinical analysis requirements.
The key technical advancement which underpins this achieve-
ment is the successful and seamless integration of paper
chromatography with mass spectrometry. For PA-MS, we can
say that ‘the whole is greater than the sum of its parts’. The
process of PA-MS comprises three simple steps: direct sample
application, paper chromatography and mass spectrometry
analysis. It conforms with the principle of Ockham’s razor, if
one can ascribe this philosophical construct to competing
analytical techniques rather than theoretical ideas. By combin-
ing sample collection, extraction, enrichment, separation and
ionisation onto a single piece of paper, the entire process,
from sample to result, can be completed in under 10 min,
while achieving analytical performance that surpasses the
current state of the art.

The approach achieved a LOQ, for salivary paracetamol, as
low as 185 ng mL™", with excellent linearity across a wide con-
centration range, 0.2-200 pg mL™, consistent with the clinical
scenario of interest, using only 2 pL of saliva sample volume.
Ongoing work includes an initial clinical validation study with
Alder Hey Children’s Hospital (Liverpool, UK), and future work
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will develop a point-of-care (POC) test format that can be per-
formed in a clinical setting with a portable mass spectrometer.

Given the separation and enrichment performance of the
paper-arrow, and the reduced inter-individual variation among
human saliva samples, we envisage that this can significantly
augment saliva sampling on a wider scale. A major constraint
that has limited uptake of saliva sampling/analysis, in clinical
practice, is the requirement that patients restrain from eating,
drinking, smoking, chewing or using oral care products for a
set time period (~30 min-2 h) prior to providing a saliva
sample. In this regard, ongoing work includes testing the per-
formance of paper-arrow with saliva samples in which individ-
uals have consumed various common food and drink types
prior to sampling. Overcoming this challenge which besets
saliva analysis in general, can yield significant patient benefits,
particularly in a paediatric setting. Overall, the PA-MS method
offers a simple, fast, convenient and non-invasive means to
potentially risk stratify patients suspected of paracetamol over-
dose, and further research is underway to explore its potential
in other medical scenarios.
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