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A B S T R A C T

Oxidative stress is a pathological condition that contributes to the onset of various diseases. In this way, studying 
oxidative stress could lead to significant discoveries in the field of therapeutic and preventive medicine. Lipid 
peroxidation is the most significant event in the oxidative stress process and the gold standard biomarkers for 
endogenous oxidative damage to lipids are isoprostanes (IsoPs).

This project aims to develop a reliable analytical method for the liquid-liquid microextraction technique, 
parallel artificial liquid membrane extraction (PALME) and LC–MS/MS analysis. PALME allowed to obtain a 
significant enrichment factor and, at the same time, a good sample purification by removing compounds that 
cause signal suppression, thereby reducing matrix effect. The chromatographic and mass spectrometric condi
tions have been fine tuned to improve the sensitivity of the method and therefore obtaining very low LOD and 
LOQ values. The recovery values obtained for the analytes are slightly above 50 %, except for 6-keto Prosta
glandin F1A (24 %). Matrix effects were ≤ − 10 %, with LODs ranging between 1 and 5 pg mL− 1.

The developed method is characterized by high sensitivity and low consumption of organic solvents, according 
to the principles of Green Analytical Chemistry and enables the determination of basal levels of IsoPs in oral fluid 
by processing 96 samples simultaneously.

1. Introduction

Reactive Oxygen and Nitrogen Species (ROS, RNS) represent 
important classes of radical species generated in living systems [1]. They 
are characterised by a short half-life and an odd number of electrons, 
which grant them a high level of reactivity and instability [2]. ROS and 
RNS play a dual role in biological systems: at low concentrations they 
are central to various physiological functions [2–4]; on the other hand, a 
dangerous state of imbalance between the antioxidant defence system 
and ROS/RNS can lead to a critical condition called oxidative stress 
(OS), where free radicals exert their toxic action [5]. Oxidative stress is 
implicated in various diseases such as cancer [6], diabetes [7], cardio
vascular diseases [8], atherosclerosis [9], and in the progression of 
different neurodegenerative diseases, including Alzheimer’s disease, 
Parkinson’s disease and amyotrophic lateral sclerosis [10]. Moreover, 
free radicals can attack the double bond of polyunsaturated fatty acids 

(PUFAs) in the cell membranes, inducing lipid peroxidation that pro
duces oxidative damage on phospholipid membranes [11,12]. In 1990 
Morrow et al. discovered the isoprostanes (IsoPs) [13]: these compounds 
showed a robust correlation with lipid peroxidation induced by ROS 
[14], thus, they have emerged as a hallmark for evaluating endogenous 
oxidative stress in diverse conditions in animals.

IsoPs are chemically stable, and they have been detected in all bio
logical fluids and tissues and similar molecules were recently found also 
in plants [15]. IsoPs are classified into four regioisomers, distinguished 
by the position of the hydroxyl group on the lateral chain. Studies on the 
oxidation of arachidonic acid in vitro have shown that both the 5- and 
15-series F2-IsoPs are produced in greater abundance compared to the 8- 
and 12-series F2-IsoPs [16].

Typically, the determination of IsoPs is based on rapid methods such 
as colorimetric tests, and immunochemical techniques, like ELISA and 
immunoenzymatic assay [17,18]. ELISA has the advantage of being fast 
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and cheap, however, it is prone to cross-reactivity problems and pro
vides inaccurate and non-specific results [19,20]. To obtain reliable and 
sensitive results, methods based on mass spectrometry coupled to gas or 
liquid chromatography (GC–MS; LC–MS) are more effective. The main 
drawback in the use of GC–MS is the derivatization step, which is 
essential for the detection of IsoPs [21], but lengthens the analysis time, 
and so LC–MS/MS is usually preferred [22,23]. When this technique is 
used for analysis, it is essential to provide both a robust preconcentra
tion, to improve sensitivity, and an efficient clean-up, to avoid matrix 
effects. Solid phase extraction (SPE) is usually employed to extract IsoPs 
[11] from conventional biological matrices as it may extract traces of 
analytes from real samples and also remove interfering components 
from the matrix. Generally, reversed-phase sorbents [20] or 
ion-exchange types [22] are used to clean and concentrate the target 
markers. On the other hand, traditional SPE often requires significant 
amounts of organic solvents and involve complex and time-consuming 
multistep procedures, which may lead to loss of analytes and, there
fore, causing low accuracy and precision. In the last years, according to 
the principles of Green Analytical Chemistry, there has been an 
increasing interest in the development of innovative miniaturized 
techniques, such as dispersive liquid-liquid extraction (dLLME) and 
μSPE. Microextraction procedures are focused on the reduction of 
sample volume, time, cost and solvent consumption and may allow a 
high enrichment factor [24].

The elective biological matrices to evaluate oxidative stress at the 
systemic level are blood, plasma and urine, however, oral fluid (OF) has 
gained great popularity as a valuable biological specimen for clinical 
analysis [25]. Different studies have demonstrated that the levels of free 
analytes in oral fluid efficiently reflect their concentration in blood [26]. 
The sampling of this matrix is favourable because it is a non-invasive, 
fast and patient-friendly approach. Recently, different approaches 
were proposed for the determination of IsoPs in OF, involving several 
pretreatment steps such as Salting-out Assisted Liquid-Liquid Extraction 
(SALLE) [27] or microextraction techniques, based on Ultrasound 
Assisted Liquid-Liquid semiMicroExtraction (UA-LLsME) [28] or 
MicroExtraction by Packed Sorbent (MEPS) [29]. These methods offer a 
rapid and efficient sample preconcentration and clean-up step, using 
minimal sample volume and elution solvents compared to conventional 
extraction.

In the present work, we developed an LC-MS/MS analytical method 
for the simultaneous screening and quantification of IsoPs in oral fluid 
by exploiting Parallel artificial liquid membrane extraction (PALME). 
This extraction technique was introduced in 2013 as a novel approach 
for liquid phase microextraction (LPME) in a 96-well format [30]. 
PALME has been used for the determination of illicit drugs and drug 
metabolites in biological fluids, like human plasma, whole blood, dried 
blood spots and urine [31–34]. The PALME principle is similar to the 
hollow-fiber liquid-phase microextraction (HF-LPME): target analytes 
are extracted through a three phases system, exploiting a pH gradient to 
facilitate the mass transfer of uncharged analytes from the original 
matrix to an aqueous extracting phase, across an organic supported 
liquid membrane (SLM), located on a flat porous filter material of pol
yvinylidene fluoride (PVDF). For acidic analytes, pH in the donor solu
tion is modified to a value of at least one unit less than the pKa of the 
analyte, to promote its transfer into the organic SLM. Then at the 
interface, the analytes are ionized by the basic pH of the acceptor so
lution and finally extracted into it. To the best of our knowledge the use 
of PALME for biomedical analysis, and particularly for the determina
tion of lipid oxidative stress biomarkers, has never been reported to date. 
The developed procedure is characterized by very low consumption of 
organic solvents, according to the principles of Green Analytical 
Chemistry. An additional goal was to obtain a high enrichment factor 
(40-fold) with low matrix effect, in order to measure analyte concen
trations down to pg mL− 1 to detect basal levels of IsoPs in OF, which are 
often challenging to measure with the methods currently described in 
the literature.

2. Materials and methods

2.1. Chemicals and reagents

The following analytical standards were purchased from Vinci- 
Biochem Srl (Vinci, FI, Italy): crystalline solids of 8-iso-15(S)-Prosta
glandin F2 (8-ISO(S)) (≥99 %), 11β-Prostaglandin F2 (11-B) (≥98 %) 
and 6-keto Prostaglandin F1A (6-KETO) (≥98 %); solutions in methyl 
acetate of 8-iso-15(R)-Prostaglandin F2 (8-ISO(R)) (≥98 %) at 100 μg 
mL− 1, 8-iso-15-keto Prostaglandin F2 (8-KETO) (≥95 %) at 100 μg mL− 1 

and 8-iso-15(S)-Prostaglandin F2-d4 (≥99 %) (8-ISO(S)-d4) at 50 μg 
mL− 1. The solvents, including methanol (MeOH), acetonitrile (ACN), 
formic acid (HCOOH) (99 %) and acetic acid (CH3COOH) (98 %), all LC- 
MS grade, were supplied by Sigma Aldrich (Dermstadt, Germany). All 
other solvents i.e. ammonium hydroxide (NH4OH 28 %) dodecyl ace
tate, dihexyl ether, trioctylamine (TOA) as well as sodium chloride 
(NaCl) and ammonium acetate were from the same purchaser. Ultrapure 
water was produced by a Milli-Q Plus apparatus from Millipore (Bed
ford, MA, USA). Ammonia buffer solution 5 mM (pH 8.5) was prepared 
by mixing appropriate amounts of ammonium acetate and NH4OH in 
water and was stored at 10 ◦C. Stock solutions of the single analytes were 
prepared in MeOH at 10 μg mL− 1. Working solutions, containing all 
analytes at 1 μg mL− 1 and 500 ng mL− 1 were prepared by appropriate 
dilution of the stock in methanol and were kept at − 20 ◦C.

2.2. PALME

PALME set-up comprised two main elements: 1) a 96- well 
MultiScreen-IP filter plate with polyvinylidene fluoride (PVDF) mem
branes with 0.45 μm pore size and a thickness of 100 μm, as acceptor 
plate, comprising the SLM (Merck KGaA, Damrstadt, Germany); 2) a 96- 
well polypropylene plate with 2.2 mL well from Brand GMBH (Wer
theim, Germany), as donor plate.

To generate the SLM, the membrane was washed and activated with 
ethanol and water, and afterwards, 3 μL of dihexylether containing 1 % 
TOA was pipetted into the porous membrane. The donor solution con
sisting of 1.5 mL of oral fluid spiked with 4 μL 8ISOS-d4 at 100 ng mL− 1, 
0.4 g of NaCl and 500 μL of 0.5 % HCOOH was inserted into the donor 
plate; the acceptor solution, consisting of 37.5 μL of ammonia buffer: 
MeOH, 70:30 (v:v), was added to the acceptor plate. To perform the 
extraction, the two plates were sealed together. The system was mixed 
on an orbital shaker at 800 rpm for 120 min at room temperature. After 
extraction, each acceptor solution was transferred to vials and 3 μL were 
finally injected into the LC–MS/MS system.

2.3. LC–MS/MS analysis

Liquid chromatographic was performed on an Exion LC™ AD system 
(Sciex, Framingham, MA, USA), equipped with a vacuum degasser, 
temperature control device and a temperature-controlled autosampler. 
The analytes were separated with a reversed-phase Kinetex XB-C18 100 
× 2.1 mm column packed with 2.6 μm core-shell particles from Phe
nomenex (Torrance, CA, USA); the column oven was set at 40 ◦C. Mobile 
phases were 5 mM ammonium acetate (A) and ACN:MeOH (50:50, v/v) 
acidified with 0.005 % CH3COOH; the flow rate was 0.4 mL min− 1. The 
elution of analytes was achieved using the following gradient: the initial 
condition was set at 20 % of phase B for 2.5 min; phase B was then 
increased from 20 % to 38 % in 1 min and from 38 % to 47 % in 2 min; in 
the following 0.30 min phase B was brought to 100 %, maintained in 
these conditions for 1.2 min and then re-equilibrated to the initial 
condition in 2.5 min. Analyte detection was obtained by coupling the 
chromatographic system with a Sciex 6500+ QTRAP Series tandem mass 
spectrometer, equipped with an IonDrive™ Turbo V ESI source. All 
analytes were detected in negative ionization with an Ionspray voltage 
(IS) of − 4500 eV; curtain gas (CUR) was set at 40 psi, collision gas 
medium, source temperature at 450 ◦C (TEM), with Ion Source Gas 1 

F. Bartolini et al.                                                                                                                                                                                                                                Talanta 285 (2025) 127358 

2 



(GS1) and Gas 2 (GS2) set respectively at 30 psi and 50 psi. For each 
analyte, two multiple reaction monitoring (MRM) transitions were 
selected; for 8-ISO(S), 8-ISO(R) and 11-B the same MRM transitions 
were used, resulting in single Extracted Ion Current (XIC) for the three 
analytes. All source instrument parameters for the monitored analytes 
were tuned by injecting standard solutions at a concentration of 50 ng 
mL− 1 at 7 μL min− 1 by a syringe pump. For quantification of analytes all 
peak areas were detected trough Sciex OS software; the selected tran
sitions, together with the main LC-MS/MS parameters are shown in 
Table 1.

2.4. Validation

The proposed method was validated by considering various param
eters such as recovery, matrix effect, limit of detection (LOD), limit of 
quantitation (LOQ), precision and accuracy, selectivity and carry-over. 
Quality control samples (QC) were prepared at different concentra
tions by spiking blank OF; this specimen was obtained by pooling oral 
fluid from nine healthy 25 ± 2 years old volunteers whose levels for the 
selected analytes were <LOD. The calibration standards were prepared 
in a surrogate matrix, consisting of ammonia buffer:MeOH, 70:30 (v:v).

2.4.1. Recovery, matrix effect, enrichment factor
Extraction recovery (RE) was determined at 2 concentration levels 

(0.05 and 1.25 ng mL− 1). In these experiments, five different blank oral 
fluid samples collected from healthy subjects were spiked with an 
appropriate amount of working solutions before extraction. Additional 
aliquots of blank oral fluid were processed and spiked after the extrac
tion procedure. RE was calculated for each analyte as the ratio between 
the peak area in the sample spiked before the extraction (BE) with the 
average peak area in the samples spiked after the PALME procedure 
(AE), accordingly RE% = BE/AE x 100.

Matrix effect (ME%) for each analyte was determined as a percentage 
of the ratio of mean peak area of samples spiked after PALME extraction 
and the peak area of a pure standard reference solution at the same 
concentration (ref), accordingly ME% = (AE/ref) - 100. Variability of 
ME% was expressed as RSD%. For the developed method, the enrich
ment factor was calculated as the ratio of the initial volume (Vi), cor
responding to the volume of oral fluid collected, and the final volume 
(Vf), associated with the acceptor solution; Therefore, EF= Vi/Vf.

2.4.2. Selectivity and carry-over
The presence of endogenous and exogenous compounds as potential 

interferents was tested. Blank samples were processed and the absence 
of signal (<LOD) at the same retention times of the target analytes was 
verified. Carry-over was evaluated by the analysis of a blank sample 
immediately after injection of the highest calibration and real sample; 
the absence of peaks (<LOD) indicated no carry-over phenomena in the 

procedure.

2.4.3. LOD, LOQ and linearity
For each compound, identification involved the detection of both 

fragments at a retention time within 2 % from that of a standard and 
with an ion ratio within 20 %. Linearity was evaluated from LOQ to 2.5 
ng mL− 1 by preparing calibration standards at seven concentration 
levels; IS was at 0.25 ng mL− 1. The curves were obtained by plotting the 
peak area of analytes to IS versus the theoretical concentration, using the 
weighted linear least squares regression (weighting factor 1/x). The 
squared determination coefficient (R2) was used to roughly estimate 
linearity, while the lack-of-fit test was used to verify the appropriateness 
of the linear model (95 % significance level). The LOD was calculated as 
the lowest absolute concentration that provides a signal-to-noise (S/N) 
ratio >3 for the qualifier ion. For this purpose, pooled oral fluid blank 
samples were spiked at concentrations down to 1.25 pg mL− 1 (n = 3 for 
each concentration) and they were processed according to the described 
method. A similar procedure was applied for LOQ determination, this 
value was defined as the lowest concentration which provided a S/N ≥
10. At LOQ, in addition to the verification of the identification criteria, 
RSD% and accuracy were required to be within ±20 % (n = 5).

2.4.4. Accuracy and precision
Precision and accuracy were calculated at three different concen

trations (12.5, 100, 1000 pg mL− 1) by processing 5 quality controls 
(QCs) for each concentration. Precision was determined as the relative 
standard deviation (RSD%); intra-day precision was estimated for each 
analyte at each concentration, while inter-day precision was calculated 
considering the average values obtained in three consecutive days. Ac
curacy was defined as bias, the percentage of the calculated concen
tration in each QC versus the reference value. For RSD% and bias, the 
values were accepted at maximum values of 15 % or 20 % near LOQ.

3. Results and discussion

3.1. LC-MS/MS analysis

As 8-ISO(S), 8-ISO(R) and 11-B possess the same masses and frag
ments and, therefore, are monitored with the same MRM transition, a 
suitable chromatographic separation was mandatory. So special atten
tion was given to the fine tuning of chromatographic conditions, as re
ported below. On the other hand, also the sensitivity was a main target 
of this method, so also mass spectrometric conditions have been thor
oughly tuned and the chromatographic phase composition played a 
critical role in LC-MS coupling performances.

For separation purposes, among the several tested chromatographic 
columns, two reversed-phase columns were compared for the final se
lection: an Evosphere C18/PFP (100 × 2.1 mm ID) column, packed with 
1.7 μm core-shell particles and a Kinetex XB-C18(100 × 2.1 mm ID) 
column, packed with 2.6 m core-shell particles from Phenomenex 
(Torrance, CA, USA). Different chromatographic gradient and mobile 
phase conditions were tested to separate the analytes; with both col
umns, the analytes, including the isomers, were adequately separated 
for the target analytes, but the Kinetex column provided sharper peaks 
and, for this reason, was selected. The addition of ammonium acetate to 
the aqueous mobile phase was necessary for clear detection of 6-KETO, 
even if slight tailing was observed in every tested condition. Different 
concentrations of this salt were tested: to avoid an excessive decrease in 
resolution and S/N, we decided to work with a concentration of 
ammonium acetate of 5 mM. Moreover, to obtain baseline separation of 
8-ISO(S), 8-ISO(R) and 11-B, different organic solvents were tested: 
acetonitrile was more effective in separating the compound of interest 
but resulted in a lower S/N compared to methanol. The use of the binary 
organic phase (50:50, v/v) allowed to achieve a good compromise be
tween chromatographic resolution and signal intensity. The addition of 
acetic acid in the organic phase improved the peak shape and resolution 

Table 1 
Quantifier ions are highlighted in bold (Rt: retention time; Q1: precursor ion 
mass; DP: declustering potential; EP: entrance potential; Q3: product ion mass; 
CE: collision energy; CXP: cell exit potential).

Analytes Rt 
(min)

Q1 (m/ 
z)

DP 
(eV)

EP 
(eV)

Q3 (m/ 
z)

CE 
(eV)

CXP 
(eV)

6-KETO 4.53 369.2 − 50 − 5 245.1 − 37 − 20
163.0 − 35 − 4

8-ISO(S) 5.33 353.2 − 50 − 6 193.0 − 38 − 8
299.0 − 31 − 9

8-ISO(S)- 
d4

5.33 357.2 − 92 − 10 197.1 − 37 − 18

8-KETO 5.45 351.2 − 47 − 6 315.0 − 20 − 33
219.1 − 25 − 28

8-ISO(R) 5.50 353.2 − 50 − 6 193.0 − 38 − 8
299.0 − 31 − 9

11-B 5.70 353.2 − 50 − 6 193.0 − 38 − 8
299.0 − 31 − 9
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of the three isomers: we tested different percentages of this acid, 
selecting 0.005 % of acetic acid because this value guaranteed satis
factory performances in terms of peak quality and separation, while with 
higher concentrations we observed an increase in noise. A chromato
gram obtained by spiking blank oral fluid at 10 pg mL− 1 is shown in 
Fig. 1.

For what concerns the MS parameters a fine-tuning of source and 
mass transmission parameters has been crucial to enhance the S/N; to 
this purpose a standard solution at 0.1 ng mL− 1 was analyzed several 
times by setting different conditions, for each condition three separate 
runs were conducted. Source parameters, such as temperature, voltage 
and ionization gases flow were studied as shown in Fig. 2A. It can be 
noticed that these parameters differently affect the S/N of the target 
analytes, but the selected conditions allowed to maximise the signal of 6- 
KETO, which was the most critical analyte. Also, Q1 and Q3 resolution 
(Fig. 2B), was shown to be a significant variable; for each quadrupole, 
resolution can be set at “low”, “unit” or “high”, with unit corresponding 
to 0.7 (±0.1 Da FWMH). Based on the observed results, the most 
favourable conditions for almost all the analytes involved that both 
parameters were set at “high” value.

3.2. Oral fluid sample preparation: development of PALME protocol

As demonstrated in previous works [35], due to the coelution of fatty 
acids, a clean-up step is essential for IsoPs analysis to reduce typical 
electrospray (ESI) ion suppression. On the other hand, when dealing 
with OF, sample enrichment is of paramount importance, due to the low 
circulating levels [26]. Consequently, in order to develop a satisfactory 
analytical method, able to detect basal levels of IsoPs, we operated on 
multiple fronts during method development: the volume of oral fluid 
was increased up to 1500 μL and we opted for a sample preparation 
technique which offers at the same time high enrichment factors and 
effective sample clean-up. The selected technique, PALME, possesses all 
these features: it allows a high enrichment factor, combining in one step 
extraction and clean-up. In addition, up to 96 samples can be processed 
simultaneously using a single PALME plate. To the best of our knowl
edge, this is the first time that this technique has been applied for the 
extraction and clean-up of lipid oxidative stress biomarkers in biological 
matrices.

To obtain satisfactory extraction efficiency in the PALME step, 
different operational parameters were thoroughly studied and evaluated 
[30,33]: the composition and volume of donor and acceptor solution, 
the ionic strength of the donor solution, the nature of the organic solvent 
used in the SLM, the extraction time, pH and agitation time. The first 
experiments were conducted in a model solution composed of deionized 

water, spiked with the target analytes. Being IsoPs, acidic compounds, 
the donor solution was acidified with 0.1 % formic acid, while the 
acceptor solution was made alkaline with ammonia at pH 8.5, in order to 
create a pH gradient from acidic to basic pH which allowed to transfer 
the IsoPs, through the SLM into the alkaline acceptor solution, where 
their deprotonation prevented the back-extracting to the SLM.

As extracting solvent, immobilized within the pores of the mem
brane, we tested different solvents frequently used for PALME extraction 
[32]: 1-Octanol, 1-Decanol, (2,2-Dimethyl-1-propyl) benzene, dihexyl 
ether and dodecyl acetate. Solvents to be used for SLM creation must 
have specific characteristics: good affinity with the analytes, 
non-volatility to avoid evaporation phenomena, and immiscibility with 
water. In the first test, conducted in water, the extraction efficiencies 
were very low (<10 %) for 1-Octanol, 1-Decanol, (2,2-Dimethyl-1-
propyl) benzene. Using dihexyl ether and dodecyl acetate, the recoveries 
were significantly improved, especially for three analytes (8-KETO, 
8-ISO(S) and 11-B) (Fig. 3A), while 6-KETO showed lower efficiency. 
This experiment was conducted with 0.1%HCOOH and0.4 g of NaCl in 
the donor plate and 37.5 μL of ammonia buffer in the acceptor plate. In a 
following experiment, as described by Vardål et al. [31], we tested the 
addition of different percentages of trioctylamine (TOA) in the organic 
solvent to saturate non-specific binding sites typical of the PVDF mem
brane and we observed, as expected, that adding 1 % of TOA the 
extraction efficiency increased; however, higher concentrations were 
detrimental (data not shown).

In a subsequent step, an oral fluid pool, made from five samples with 
undetectable amounts of analytes, was spiked with the working solution 
to evaluate the extraction efficiency with the real matrix. The initial 
volume of oral fluid was set to 1000 μL. The extraction efficiency was 
tested with both dihexyl ether and dodecyl acetate which provided 
similar extraction efficiencies in model solution; the results are shown in 
Fig. 3B. The donor solution was composed of 1000 μL of blank oral fluid, 
1000 μL of 0.1 % HCOOH, 0.4 g of NaCl; the acceptor solution was 
prepared with 37.5 μL of ammonia buffer. Moving to the real samples, 
the presence of oral fluid was shown to affect the extraction efficiency: a 
slight decrease of recovery was observed, while it was verified that the 
matrix effect was not significant (<10 %). Among the tested solvents, 
dihexyl ether ensured higher extraction efficiency.

For what concern the acceptor solution, different amounts of meth
anol were added to the ammonia buffer to enhance analyte partitioning 
towards the acceptor solution [36]. We observed that a concentration of 
up to 30 % led to a significant improvement in extraction efficiencies 
(Fig. 3C); higher amounts of methanol were not examined to prevent 
potential partial solubility of the acceptor solution with the organic 
solvent that acted as the SLM. In this case, the donor solution contained 

Fig. 1. Chromatogram obtained through the analysis of (A) a blank OF sample spiked at 10 pg mL− 1 and (B) a real sample from a healthy volunteer. For each analyte 
the two transitions are shown in blue and red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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1000 μL of blank oral fluid, 1000 μL of 0.1 % HCOOH and 0.4 g of NaCl; 
while the acceptor plate contained 37.5 μL of ammonia buffer with 
different percentages of MeOH.

Since IsoPs are present in low concentrations in OF, it was essential 
to increase the enrichment factor in order to improve the sensitivity of 
the whole method. Consequently, different tests were conducted to 
assess the reliability of the presented method using up to 1.5 ml of oral 
fluid; with this volume, no increase in matrix effect was observed and 
therefore this volume was selected. It should be highlighted that the 
method can be applied also with lower amounts of oral fluid as shown in 
the previous experiments, but the use of 1.5 mL allows to maximise 
sensitivity.

Various concentrations of formic acid in the donor solution were 
then evaluated to achieve the desired acidic pH in OF: 0.1 %, 0.5 % and 
1 %. As shown in Fig. 3D, the optimal percentage of formic acid was 
found to be 0.5 %. The donor solution was obtained with 1500 μL of 
blank oral fluid, 500 μL of different percentages of HCOOH and 0.4 g of 
NaCl; the acceptor solution was prepared with 37.5 μL of ammonia 
buffer: MeOH, 70:30 (v:v).

Finally, the extraction time was investigated considering five 
different durations: 20 min, 40 min, 60 min, 120 min and 150 min. For 
each time point, three fortified oral fluid samples were prepared. As 
shown in Fig. 4, the biological matrix had a significant impact on the 
extraction kinetics, as also reported by Roldan-Pijuan et al. [32]. How
ever, the target analytes in this work reach extraction equilibrium after 

approximately 120 min, so this time was selected for the orbital shaking 
to achieve optimal extraction efficiencies. An increase of extraction time 
did not produce further increase of the signal, showing that the equi
librium was reached.

3.3. Validation

The quantitative analysis of endogenous compounds, such as IsoPs, is 
often challenging due to the absence of an analyte-free matrix. Being 
IsoPs oxidative stress markers, we observed that in healthy young adults, 
the basal level in oral fluid is often under the LOD of the present method. 
Therefore, a pooled sample of oral fluid from the aforementioned group 
of individuals was used as a blank matrix for method validation pur
poses. The IS did not present significant signals (>LOD) for the corre
sponding non-deuterated analytes.

3.3.1. Matrix effect, recovery and carry-over
One of the strengths of this method is that, by employing the SLM, an 

effective clean-up for the target analytes was achieved. This has 
demonstrated a significant reduction of ion suppression during ESI 
ionization. The proposed analytical procedure effectively removed 
numerous interferents, present in biological fluids, as shown by the 
matrix effect values reported in Table 2 which were ≤ − 10 %) [27]. The 
recovery values were deemed satisfactory being around 50 % for the 
majority of analytes, only for 6-KETO the recovery was slower, however 

Fig. 2. Heat maps showing the influence of (A) source temperature (T in ◦C), curtain gas (CUR in psi), Ion Source Gas 1 (GS1) and Gas 2 (GS2) (both in psi), IonSpray 
voltage (IS in V) and (B) Q1 and Q3 resolution on the signal to noise ratio of the analytes of interest.
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considering the high enrichment factor (40-fold) obtained in PALME it 
consented to its detection in real samples, so the recovery values were 
deemed satisfactory. It should also be noted that variability (RSD%) of 

recovery and matrix effect, evaluated by testing five samples obtained 
from different donors, was <10 %.

3.3.2. LODs, LOQs and linearity
The IsoPs are often present in oral fluid at low concentrations; 

currently, the main analytical challenge is to achieve limits of detection 
(LOD) and quantification (LOQ), enabling the identification of basal 
levels of biomarkers. As shown in Table 3, LOD and LOQ are in the pg 
mL− 1 range and the obtained values are aligned with and, or even lower 
than the data reported in previous publications in the literature [22,27,

Fig. 3. (A) Recovery values obtained with different organic solvents to form the SLM in model solution; (B) Recovery values obtained with different organic solvent 
to form the SLM with real matrix; (C) Recovery values obtained with different percentages of methanol in the acceptor solution; (D) Recovery values obtained with 
different concentrations of formic acid in the donor solution.

Fig. 4. Influence of PALME extraction time on the recovery of the target analytes.

Table 2 
Recovery (R%) and matrix effect values (ME%) for the selected analytes.

8-KETO 6-KETO 8-ISO(S) 8-ISO(R) 11-B

R% 52 % 24 % 54 % 53 % 51 %
ME% − 1% − 2% − 4% − 2% − 8%
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29,36]. This confirms that the developed protocol provided high sensi
tivity and is well-suited for the identification of oxidative stress bio
markers in oral fluid. Linearity was assessed in the surrogate matrix, 
using concentration points calculated in oral fluid from LOQ to 2.5 ng 
mL− 1. Two samples were prepared for each point on the calibration 
curve, and they were analyzed in triplicate. The average R2 was >0.99 
for all analytes.

3.3.3. Accuracy and precision
The accuracy and precision of the method were evaluated by 

analyzing QCs in five replicates on five consecutive days at the following 
concentrations: 12.5, 100 and 1000 pg mL− 1 for all the analytes. As 
shown, accuracy was estimated using the percentage of the measured 
value versus the reference value and was between 80 and 120 % for all 
target analytes. The intra- and inter-day precision values were calcu
lated using RSD% at each concentration level, and the reproducibility 
was approximately 15 % or lower for all analytes. Given the significant 
difference in the recovery of 6-KETO and considering that a labelled IS 
was not available for this analyte, 8-ISO(S)-d4 was used as IS and the 
accuracy value was normalized taking into account the different 
extraction efficiencies of the two compounds.

3.4. Real samples

The presented analytical method was employed to analyse 8 oral 
fluid samples from healthy volunteers aged 25–58 years. After the 
collection, the samples were stored at 4 ◦C and analyzed within a short 
time (<4 h); as reported in the literature, IsoPs in oral fluid are stable for 
one week at − 4 ◦C and for three months at − 80 ◦C [29]. The results are 
shown in Table 4. We observed that the concentrations of the target 
analytes found in this study were similar to those defined by other au
thors in oral fluid [18,29,37]. Furthermore, these results are comparable 
to the basal level found by Ma et al. [38] and Bastani et al. [39] in 

plasma. The results obtained in this study suggest that the concentra
tions found in oral fluid may reflect those present in plasma; however, it 
is important to note that this hypothesis should be verified through 
further research that directly compares the concentrations of specific 
analytes in different biological fluids and considers the individual var
iables that can affect the correlation.

Among the analyzed samples it should be highlighted that samples 1, 
2 and 4 showed the highest IsoPs values. The first one is from a smoker, 
while the second one is from a 58-year-old subject. As widely reported in 
the literature, an increase in IsoPs levels in biological fluids is observed 
with ageing and in smokers [40,41]. Sample 4 is the only one arising 
from a male donor, however due to the limited number of samples 
analyzed, further studies will be necessary to delve deeper into this 
issue.

The stability of IsoPs in real oral fluid samples was not thoroughly 
studied at this stage, we verified that the analytes are stable during 
sample preparation, but it will be important to investigate their stability 
following sample collection.

4. Conclusions

This paper presents a novel analytical method for the determination 
in oral fluid of several IsoPs based on PALME extraction and LC–MS/MS 
analysis. Recently, due to their stability and strong correlation with the 
oxidative stress process, different supports the effectiveness of IsoPs as 
biomarkers for OS. In this study, the use of PALME has enabled a sig
nificant reduction in the volume of organic solvent (3 μL), minimized the 
matrix effect (≤10 %), which is a critical issue in determination of this 
class of compounds in complex matrices such as biological fluids, and, at 
the same time, PALME achieved a high enrichment factor (40-fold). Both 
chromatographic separation and mass spectrometry analysis were fine 
tuned in order to increase the sensitivity and selectivity of the proposed 
method, reducing the LOD and LOQ of the selected analytes, and 
providing an effective separation especially for 8-ISO(S), 8-ISO(R) and 
11-B, which share the same MRM transition.

Thanks to the aforementioned advantages, in our opinion, PALME, 
which has been mostly utilized in forensic applications, can be extended 
to biomedical analysis for extracting low-concentrated biomarkers from 
biological matrices. Moreover, taking into account both extraction and 
analysis times, it is feasible to process 96 real samples in a few hours. 
The analysis of oral fluid of healthy volunteers shows the capacity of the 
method to detect the basal levels of IsoPs. The development of an 
extremely sensitive, robust, and accurate method provides a valuable 
diagnostic tools to detect oxidative stress related diseases even at an 
early stage. From a medical point of view, this capability allows for 
timely intervention with appropriate therapies.

Table 3 
Regression data, accuracy and precision, LODs and LOQs for target analytes.

Analyte
R2 LOD 

(pg mL− 1)
LOQ 
(pg mL− 1)

Concentration 
(pg mL − 1)

Accuracy (%) Intraday RSD (%) Interday RSD (%)

8-KETO 0.9957 1 2.5 12.5 93 % 13 % 12 %
100 105 % 7 % 14 %
1000 89 % 4 % 8 %

6-KETO 0.9917 5 10 12.5 109 % 11 % 8 %
100 102 % 11 % 12 %
1000 98 % 8 % 9 %

8-ISO(S) 0.9955 2.5 5 12.5 109 % 3 % 4 %
100 107 % 13 % 12 %
1000 96 % 3 % 4 %

8-ISO(R) 0.9941 2.5 5 12.5 94 % 3 % 4 %
100 93 % 12 % 10 %
1000 90 % 2 % 10 %

11-B 0.9922 2.5 5 12.5 97 % 3 % 14 %
100 110 % 9 % 4 %
1000 105 % 3 % 7 %

Table 4 
Results from real samples analysis are shown; F: female; M: male.

# Real 
samples 
Age and 
sex

8-KETO 
(pg 
mL− 1)

6-KETO 
(pg 
mL− 1)

8-ISO(S) 
(pg 
mL− 1)

8-ISO(R) 
(pg 
mL− 1)

11-BETA 
(pg mL− 1)

1 27-F 4 294 228 246 215
2 58-F 127 13 69 65 38
3 29-F 9 < LOD < LOD < LOD 5
4 34-M 262 < LOD 248 214 165
5 37-F 31 < LOD 14 9 8
6 31-F 37 13 70 65 38
7 26-F 4 < LOD 6 < LOD < LOD
8 30-F 29 63 < LOD < LOD 7
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