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Abstract

Per- and polyfluoroalkyl substances (PFAS) make up a large and complex class of manmade chemicals. They have been
widely used in numerous industrial branches and are incorporated into many consumer products. Today, there is a consensus
on the fact that PFAS are present in all environmental compartments and that populations all over the world are subjected to
them via internal exposure. It has been estimated that thousands of individual PFAS have been manufactured and marketed
since the 1950s, to which impurities present in commercial products and intermediate environmental transformation products
should be added. Since it is unrealistic to be able to individually identify, detect and quantify all the PFAS present in a sample,
several analytical approaches have been developed to assess the presence of “hidden/unseen” PFAS. One of these, known as
the total oxidisable precursor (TOP) assay, was first described in 2012. Basically, it converts some PFAS, hereafter referred
to as precursors, into stable terminal products readily measurable by routine target methods. This review is based on more
than 100 studies in which the original TOP assay was simply applied or optimised. The review found that the TOP assay
was selective, sensitive, applicable to many matrices, useful within a forensic context, inexpensive, and easy to implement
and has been assessed in the literature on a wide range of precursors. However, this method comprises many subtleties and
has some flaws that operators should be made aware of so that they may be addressed as far as possible. Finally, this review
tries to lay the foundations for better practices and quality assurance/quality control measures, in order to improve accuracy
and reliability of TOP assay results.

Keywords PFAS - TOP assay - Surrogate method - Total PFAS - DTOP - PhotoTOP - Oxidisable precursor - Quality
assurance/quality control (QA/QC)

Introduction in numerous industrial branches (for instance as process-

ing aids for fluoropolymer manufacture) and commercial

Per- and polyfluoroalkyl substances (PFAS) make up a large
and complex class of manmade chemicals recently defined
as “fluorinated substances that contain at least one fully
fluorinated methyl or methylene carbon atom (without any
H/C1/Br/T atom attached to it), i.e. with a few noted excep-
tions, any chemical with at least a perfluorinated methyl
group (-CF;) or a perfluorinated methylene group (-CF,-)
is a PFAS” [1]. The first forms of PFAS were discovered
in the 1930 s and their industrial production started at the
beginning of the 1950 s [2, 3]. They have been widely used
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applications (for instance coating products to provide water
and oil repellency, stain resistance and soil release) [4].
Consequently, they are found in many consumer products
(e.g. lubricants and greases, floor polish, carpets, leather,
paper and packaging, cosmetics, pesticides, sports articles,
textiles and upholstery, cook- and bakeware) [4]. The first
evidence of their occurrence in the environment, wildlife and
humans was reported in the late 1990 s [5-7]. This is obvi-
ously a consequence of their large-scale use combined with
the unique chemical and thermal stability of the C-F bond.
Today, there is a consensus on the fact that they are found
in all environmental compartments and that populations the
world over are subjected to them via internal exposure [8].
Furthermore, two of the most well-studied PFAS (PFOA
(perfluorooctanoic acid) and PFOS (perfluorooctane sul-
phonic acid)) have been associated with a variety of health
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problems such as cancer, thyroid disease, pregnancy-induced
hypertension and impaired immune function [9]. However, it
has been estimated that thousands of individual PFAS have
been manufactured and marketed since the 1950 s [10], to
which impurities present in commercial products (residual
raw material, oxidation or unintentional synthetic by-prod-
ucts) and intermediate environmental transformation prod-
ucts should be added.

So far, only a limited number of PFAS can be quanti-
tatively detected by target analysis [11-13]. This lack of
quantification is due to the limited number of analytical
standards available (fewer than 100), difficulties associated
with the chromatographic detection of certain PFAS (espe-
cially for ultra-short-chain PFAS or zwitterionic PFAS) and
trade secrets, which prevent open access to knowledge on
the exact chemical structure of many PFAS. Furthermore,
to anticipate regulatory requirements, companies regularly
market novel PFAS as fluorinated alternatives to legacy
PFAS [14, 15], thus complicating the task of understanding
the full extent of PFAS contamination.

Faced with such challenges, it is unrealistic to be able
to individually detect and quantify all the PFAS present in
a sample and a pragmatic approach is needed to assess the
PFAS burden. One possible solution resides in the imple-
mentation of methods able to provide quantitative informa-
tion on PFAS that are difficult if not to say impossible to
measure for the reasons previously mentioned. For this pur-
pose, different analytical approaches have been developed,
such as extractable organic fluorine (EOF) [16], absorbable
organic fluorine (AOF) [17], and the total oxidisable precur-
sor (TOP) assay [18].

Based on more than 100 studies (Table S1), the present
paper aims to provide a broad overview of the total oxidis-
able precursor (TOP) assay, a promising approach to high-
light the presence of “hidden/unseen” PFAS, i.e. undetected
by conventional target analysis. This paper addresses (a) the
principle behind the method, (b) its advantages over other
surrogate methods/non-targeted techniques (NTS) for orga-
nofluorine determination, (c) criticisms, (d) its limitations
and how to circumvent them, (e) recommendations in order
to provide accurate, reliable results. Unlike previous reviews
[19, 20], this review focuses on the weaknesses of the TOP
assay then provide recommendations on good practices as
well as QA/QC measures.

Principle behind the method

The total oxidisable precursor (TOP) assay, first described
in 2012 by Houtz and Sedlak [18], was originally applied
to urban runoff water samples. By oxidative digestion at an
elevated temperature (around 85 °C) for several hours (usu-
ally 6 h), the TOP assay can convert some PFAS, herein
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after referred to as precursors, into stable terminal products
(mainly perfluoroalkyl carboxylic acids (PFCAs)), which are
readily measurable by liquid chromatography-tandem mass
spectrometry. In this article, the term “precursors” refers
to PFAS with the potential to be oxidised into other PFAS
under laboratory-controlled conditions. Consequently, this
definition does not cover all types of PFAS, since some can
remain intact after the TOP assay [14, 21].

In brief, precursors present in the sample are exposed to
hydroxyl radicals (¢OH) produced from persulphate (82082‘)
thermolysis under alkaline conditions (pH > 12) in an aque-
ous medium. Hydroxyl radicals react via hydrogen atom
abstraction along with a less prominent electron transfer
process [22].

S,05” +heat — 2-S0,~ (persulphate thermolysis)

-804~ + OH— - SO, + -OH (sulphate radical conversion to hydroxyl radical)

Basically, two types of precursors can be considered:
perfluoroalkyl sulphonyl derivatives (C F,,,;-SO,-R)
and fluorotelomers (CF,,,,-C H,,-R*), where R and R’
are various functional groups. This distinction is impor-
tant since the pattern of terminal products generated
after the TOP assay is different. Hence, the excess of
hydroxyl radicals generated by persulphate thermolysis
oxidises a perfluoroalkyl sulphonyl derivative to yield a
single PFCA. For instance, perfluorooctane sulphonamide
(FOSA; CgF;-SO,-NH,) is quantitatively converted into
PFOA (C;F5-CO,H) [18]. Fluorotelomers react to form
a suite of terminal products of varying chain lengths.
For instance, 6:2 fluorotelomer sulphonate (6:2 FTSA;
C¢F,3-C,H,-SO;H) is converted into a suite of PFCA,
including perfluoropentanoic acid (PFPeA; C,Fy-CO,H),
perfluorohexanoic acid (PFHxA; CsF,,-CO,H), per-
fluorobutanoic acid (PFBA; C;F,-CO,H) and perfluoro-
heptanoic acid (PFHpA; C¢F,5-CO,H) [18]. The oxidation
of fluorotelomers in the TOP assay appears to unzip the
chains, resulting in a suite of PFCAs with shorter chains
than the parent substances. This process does not occur to
such an extent for perfluoroalkyl sulphonyl derivatives, as
only one PFCA is generally formed.

It is important to maintain a high pH during the oxidation
step to promote ¢SO, conversion to ¢OH and limit degra-
dation of the PFCAs being formed [11, 21]. Indeed, several
studies have shown that sulphate radicals (eSO,"), produced
by thermolysis of persulphate, can transform PFCAs into
PFCAs with a shorter chain length, especially under acidic
conditions (pH < 3) [23-27]. In contrast, PFCAs do not
undergo further oxidation by ¢OH [18, 21, 28-30]. Inter-
estingly, Liu et al. [31] compared acid and alkaline persul-
phate digestion with several PFAS, including perfluorinated
and polyfluorinated ether sulphonates (PFESA) and legacy
fluorotelomers. They concluded that both approaches could
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provide more confidence in assigning chain length of pri-
mary precursors and detecting emerging PFAS, such as
Nafion™-related fluorinated ether sulphonates. However,
their uncommon digestion conditions (heating in a pressure
cooker to 120 °C) limit any comparison with other studies.

After the TOP assay, the measured PFCA concentration
is the sum of PFCAs initially present in the sample (before
the assay) and PFCAs formed from the oxidised precursors.
It is worth noting that the TOP assay converts all precursors
to PFCAs whereas, in the environment, some of them (for
instance perfluorooctane sulphonamide (FOSA)) may be
transformed into perfluoroalkyl sulphonic acids (PFSAs) as
end-stage by-products, e.g. perfluorooctane sulphonic acid,
PFOS [18, 21]. In addition, PFSAs initially present in the
sample are stable since they did not react with sulphate or
hydroxyl radicals [21]. However, some studies have men-
tioned a net increase in some PFSAs upon oxidation [30,
32-36]. In some cases, it was suggested that this observation
could be related to elevated alkaline conditions, which can
initiate hydrolysis of a number of environmental PFSA pre-
cursors, partially converting them into PFSAs rather than the
expected PFCAs [21, 36]. It is also likely that the presence of
more easily oxidisable chemicals in a sample (organic mat-
ter, organic solvents) may play a role too. Hence, hydroxyl
radicals react first with these radical scavengers, leaving
some PFAS to undergo hydrolysis, which partially converts
them into PFSAs [21].

To counteract some drawbacks of the TOP assay (detailed
further below), some adjustments have been suggested by
different researchers. For instance, some authors activated
persulphate by ultraviolet (UV) light instead of heat, still
under alkaline conditions. This alternative method is known
as the UV-activated TOP assay [37-39]. Other approaches
have investigated replacing potassium persulphate by oxi-
dising agents such as ozone [40], UV/H,0, [41] or UV/
TiO, [42]. The latter is known as the PhotoTOP assay.
Some of these new approaches (UV/H,0,, UV-activated
or ozone TOP assay) have shown several promising advan-
tages, including enhanced preservation of the perfluoroalkyl
chain length of the precursors, an improved ability to analyse
samples with high concentrations of organic matter and a
shorter reaction time. However, they warrant further evalu-
ation, development and optimisation before being applied
as a routine method. They will not therefore be addressed in
the following sections.

Initially, the TOP assay was only performed on liquid
samples. For solid matrices such as soil, sediment or textiles,
an extraction step was usually carried out beforehand. To
account for non-extractable precursors in these samples, a
modified TOP assay was suggested where, instead of oxi-
dising extracts, small amounts of samples may be directly
exposed to the oxidising agent. This method is known as the
direct TOP assay (dTOP) [33, 43]. To clearly distinguish

between the TOP assay protocol with and without prelimi-
nary extraction, the acronyms suggested by Lange et al. [20]
(eTOP and dTOP) should be adopted in future articles.

Advantages of the TOP assay

Compared with other surrogate analytical methods for orga-
nofluorine determination, TOP assay approaches have sev-
eral advantages, including having been assessed with multi-
ple precursors by many different research teams.

Specificity and sensitivity

Currently, the TOP assay is considered the most selective
technique for quantifying total PFAS [44]. In contrast to
other surrogate analytical methods available for organofluo-
rine determination (e.g. EOF, AOF or TROF (total reducible
organofluorine assay) [45]), the TOP assay is specifically
for PFAS. Fluorinated compounds (such as certain pharma-
ceuticals, pesticides or inorganic fluorinated ions) that are
not considered PFAS according to the recent terminology
[1], are not detected. Consequently, the risk of false posi-
tives is greatly reduced. However, some PFAS are stable in
the TOP assay or oxidised to yield usually unmonitored end
products (see below). Therefore, this approach and its alter-
native methods (e.g. dTOP and PhotoT'OP) are expected to
underestimate the proportion of precursors, though the scale
of this underestimation cannot be easily assessed.

Unlike the other surrogate analytical methods, the TOP
assay is extremely sensitive (Table S2). The limits of quan-
tification (LOQ) achieved are generally similar to targeted
PFAS analysis (in the low part per trillion range).

Applicable to many different matrices

The TOP assay was first developed as a research tool and
applied to quantify precursors in urban runoff [18]. Since
then, it has been applied to characterise various aqueous
and nonaqueous matrices, including groundwater [46—49],
drinking water [50, 51], wastewater [52-55], landfill lea-
chate [56, 57], precipitation [58], sediment [59-61], soil [46,
62, 63], dust [64, 65], compost [66, 67], food packaging
[34, 68], aqueous film-forming foam (AFFF) concentrates
[69-72], insecticides [73], consumer products [74, 75], tex-
tiles [32, 76, 77], animal tissue [12, 78, 79], vegetables [80]
and human serum [30, 81].

The dTOP assay, specially developed for solid samples,
has directly been used on matrices such as soil [82-84], sedi-
ment [85], suspended particulate matter [33, 86], eggs from
laying hens [43], and textiles [87, 88]. The PhotoT'OP assay
has been applied to textiles [87], PFAS-coated paper and
technical PFAS products [42].
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Assessed with many different precursors

The degradation profiles of more than 40 PFAS have been
studied under TOP assay conditions as described in the lit-
erature. For many of them, comparable data are available
(Table S3), but for a few, only partial or non-comparable
information was provided (Table S4). For many of them,
model precursors disappeared completely, yet total molar
yields were not always close to 100%. This may be due to
an inability to quantify some oxidation end products (due
to too high LOQs, untargeted end products or loss of TOP
endpoints during analytical steps, for example). According
to Cioni et al. [30], n:2 FTSA were less reactive than n:2
FTCA with the same number of fluorinated carbons, and
reactivity decreased for longer fluorotelomers.

A useful tool within a forensic context

Some authors used the TOP assay data to go beyond the
simple observation of the analytical changes in PFCA con-
centrations before and after oxidation and applied it as a
semi-quantitative method. Houtz et al. [46] used the ratio of
linear to branched isomers of perfluorinated homologues to
infer the manufacturing origins of PFAS in an AFFF-con-
taminated area (electrochemical fluorination (ECF) versus
fluorotelomer manufacturing process). Later, this approach
was refined using a statistical technique (Bayesian inference)
to take into account analytical uncertainties, incomplete
recoveries and variability in product yields following oxi-
dation [69, 89]. In this case, the authors applied their method
to reconstruct the original perfluorinated chain lengths,
manufacturing origin and concentrations of precursor com-
pounds in AFFF-impacted environments. Combined with
spatial relationships between sampling locations and major
PFAS sources, this approach can help distinguish the finger-
prints of different PFAS sources [11, 89]. Rodowa et al. [90]
used the TOP assay data as a proxy for the breakthrough of
oxidisable PFAS on GAC systems because it occurs before
PFOSs and PFOAs. Gockener et al. [91] suggested that the
TOP assay may also be used to monitor trends of unknown
or unscreened PFAS, thus observing shifts in production
(e.g. from legacy to emerging PFAS) and the enforcement
of PFAS restrictions.

Inexpensive and easy to implement

The TOP assay uses a simple chemical reaction and does
not require specialised equipment other than a high-pres-
sure liquid chromatograph coupled to a tandem mass spec-
trometer, which is an instrument now found commonly in
both research and commercial laboratories. Therefore, this
method offers practical advantages over other approaches
(e.g. AOF, EOF, NTS) which require specialised equipment
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and expert knowledge. Although duplicate samples need to
be analysed (before and after oxidation), the TOP assay is
inexpensive compared with the investment needed to per-
form other approaches.

Criticisms

Many papers have highlighted limitations of the TOP assay,
sometimes arising from a misunderstanding of the scope of
this method. For instance, the aggressive oxidation condi-
tions of the TOP assay have often been criticised for not
replicating some of the transformation processes that occur
in abiotic or biotic environments [92]. More specifically, the
TOP assay and the PhotoT'OP assay convert some precursors,
such as perfluoroalkyl sulphonamides, into PFCAs, whereas
they would naturally be transformed into PFSAs [18, 87, 93].
Moreover, the TOP assay is often considered as a worst-case
scenario, since its strongly oxidative conditions may greatly
exceed those of natural processes occurring under typical
environmental conditions [13, 94, 95]. Thus, the results are
not representative of the precursor mass that is susceptible
to oxidation in the environment, and the concentration of
the targeted oxidation endpoints is likely to be higher than
those that could be released in the field [92, 94]. Finally,
some authors have pointed out that the TOP assay does not
form all of the final and intermediate transformation prod-
ucts that could be formed in the environment [13, 43, 92].
However, although this assay does not replicate the transfor-
mation pathways that occur in the environment, it is above
all an important tool for assessing the presence of unknown
precursors and providing valuable information on potential
natural degradation processes [43]. It was not developed as
a tool to mimic natural transformation and metabolism pro-
cesses and it is definitely not a predictor of the environmen-
tal endpoint breakdown of precursors.

Since the chemical structure of the oxidised precursors
is not fully preserved under TOP assay conditions, it is not
possible to identify them unless they have been included in
the target PFAS list and detected beforehand in the samples.
However, the TOP assay provides insights into the chemical
structure of unknown precursors [62, 95]. The pattern of
PFCA products upon oxidation, the presence of branched or
specific oxidation endpoints (e.g. PFMOPrA from ADONA)
allow for some inferences as to precursor chain length or
method of synthesis [43, 59]. For instance, the presence of
PFSAs after oxidation is not observed for precursors that
do not contain sulphonic groups [30, 81]. Under TOP assay
conditions, some precursors produced by ECF yield almost
exclusively a single PFCA with the same number of carbon
atoms as the precursor (with molar yields over 90%), as well
as a mixture of branched and linear isomers [78, 96, 97].
Conversely, precursors produced by fluorotelomerisation
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yield a suite of linear PFCAs of different chain lengths [18,
64]. In most cases (Table S3), n:2 fluorotelomer oxida-
tion produces a suite of PFCAs with no more than n per-
fluorinated carbon atoms, the PFCAs usually formed with
the greatest molar yield having n-1 perfluorinated carbon
atoms. Interestingly, the PhotoTOP assay offers more struc-
tural information than the dTOP assay because it conserves
the chain lengths of precursors better (less chain shorten-
ing) [42, 87]. Other approaches, such as AOF or EOF, do
not provide such information, as they do not preserve the
perfluoroalkyl moieties at all.

TOP assay limitations and how to circumvent
them

The TOP assay and its alternative methods undoubtedly
have some weaknesses that should be known and addressed
insofar as possible. The following section focuses on these
key issues.

Loss of precursors following a prior extraction step

The TOP assay was originally applied directly to water
samples [18]. To implement the TOP assay on solid matri-
ces (e.g. soil, sludge, sediment, textiles, fish tissue), some
authors have used an organic solvent extraction [32, 46, 62,
76] or ion-pairing extraction [78] prior to oxidation. This
requires the comprehensive extraction of precursors with
various polarities, having stronger or weaker interactions
with the matrix. This additional step inevitably leads to
bias, as the extraction’s effectiveness strongly depends on
the extraction conditions used [91]. Some authors have hon-
estly recognised the inability of their extraction protocol to
effectively extract the full suite of precursors present in the
samples they analysed [64, 76, 78]. After the extraction step,
the organic solvent has to be evaporated since it may lower
the oxidation yield as a radical scavenger. This additional
step may lead to a loss of some PFAS by volatilisation, again
increasing the underestimation of the amount of precursors
present [21, 32]. Furthermore, Macorps et al. [61] found that
PFCA patterns obtained after oxidation of model precursors
were different when tests were performed on spiked solvent
or spiked water. They recommended performing conver-
sion experiments under conditions similar to those used for
samples.

To circumvent this discrimination of certain PFAS due
to solubility or volatility characteristics, Gockener et al.
[13] developed the direct TOP assay (dTOP), a variant of
the TOP assay that works with solid samples without prior
extraction. However, dTOP also has some flaws. Due to
the general aqueous experimental setup of the dTOP assay,
an increasing loss of long-chain PFAS was observed after

oxidation, most likely due to sorption to soil particles [83].
These authors suggested carrying out an additional extrac-
tion step on the remaining soil particles after the dTOP assay
with an appropriate organic solvent in the original vessel.
The probable inclusion of previously non-extractable pre-
cursors in the dTOP method could limit comparability with
other methods needing an extraction step (e.g. NTS, target
analysis and EOF) [86]. Finally, dTOP suffers from poor
sensitivity, as only small samples can be used to enable
complete oxidation [59]. The PhotoTOP assay has also been
applied to paper and fabric samples by direct oxidation [42].
Direct fabric oxidation generated many different PFCAs, but
no PFAS were found in either the oxidised or unoxidised
fabric extracts.

Loss of volatile or semi-volatile PFAS

An evaporation step is needed prior to oxidation when a
previous extraction step is carried out with solvents, since
they consume most or all the hydroxyl radicals. In addition,
the TOP assay is usually performed at temperatures above
80 °C, which are likely to trigger the volatilisation of some
PFAS. Both steps can lead to the loss of volatile or semi-
volatile PFAS such as fluorotelomer alcohols (n:2 FTOH),
sulphonamides and sulphonamido ethanols [59, 98]. Accord-
ing to Zhu and Kannan [76], this explains the variable and
poor recoveries reported in the literature for some volatile
PFAS.

To prevent this loss, a few specific precautions have been
implemented by various authors. Mumtaz et al. [99] tight-
ened the bottle lids and properly sealed them with Para-
film™ before the oxidation step, making sure they kept a
headspace volume of less than 1 mL. Zhu and Kannan [76]
added 1 mL of water to their combined extract before con-
centration under a nitrogen stream.

Some PFAS are not affected by the oxidation process

Research on the fate of different PFAS during the TOP assay
has shown that some of them are totally recalcitrant under
these oxidation conditions. A tentative list based on the lit-
erature has been provided in Table S5. As a general rule,
PFAS without at least one C-H bond for eOH attack are
stable under TOP assay conditions [31].

Some authors have considered these recalcitrant PFAS
as “new terminal products” which should be included in the
TOP assay analyte spectrum [14, 100]. It is definitely a good
laboratory practice to screen for as many PFAS as possible,
including non-oxidisable ones (at least prior to oxidation)
in order to obtain the most accurate insight on the PFAS
burden of a sample.

@ Springer



X. Dauchy

Interference due to high salt content after TOP
oxidation

The TOP assay gives a solution containing large amounts
of SO,%~ and other ions resulting from the addition of the
basic persulphate solution then the pH adjustment after
oxidation. This procedure hampers the subsequent quan-
titative determination of oxidation endpoints by reducing
the effectiveness of MS ionisation [101]. To avoid inject-
ing large quantities of salt into the LC instrument, either
solid-phase extraction (SPE) or appropriate dilution prior
to injection have been suggested [14, 47]. However, several
authors have noticed that the high amount of salt reduced
the extraction recovery of ultra- and short-chain PFAS in
anion exchange-based methods [62]. Furthermore, Joerss
et al. [100] observed lower absolute recoveries of internal
standards in an oxidised sample aliquot than in unoxidised
aliquots. To assess the interference to SPE recoveries due
to high salt content, we conducted our own experiment in
which we spiked an ultrapure water sample and an oxidised
blank with 18 precursors (unpublished). We performed
SPE and compared recoveries (Fig. 1). The recoveries were
adversely affected for at least eight precursors. Additionally,
as the literature has pointed out, an evaporation step after
SPE risks losing more PFAS by volatilisation.

To remove excessive SO,>~ and CI~ in the solution after a
TOP assay and analyse ultra-short-chain PFAS, Wang et al.
[102] used a sequential combination of ion chromatography
(IC) and anion exchange SPE cartridges. To avoid using
SPE, other analytical treatments have also been carried out
(Table S1), such as liquid-liquid extraction [30, 32], dilu-
tion with methanol and cleaning with ENVI-Carb™ [66],
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Fig. 1 Effect of high salt content on precursor recoveries following
SPE (Pre-TOP, ultrapure water spiked with precursors; post-TOP, oxi-
dised and neutralised blank spiked with precursors)
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addition of organic solvents and chilling overnight at —10
°C [101] and the precipitation of salts with organic solvents
[12, 47,79, 103]. PhotoTOP may be considered an interest-
ing alternative, since it does not result in a solution contain-
ing large amounts of salts, thus reducing sample preparation
efforts prior to injection [42, 87].

Matrix complexity can preclude complete
conversion of precursors

The presence of competing organic molecules or minerals
(e.g. reduced metals) within a sample may consume most
or all the hydroxyl radicals (éOH) and could interfere with
the complete oxidation of precursors [92, 96, 104]. The sub-
stantial concentration of precursors, which is the case of
AFFF, can also lead to exhaustion of the oxidant [36]. The
sample matrix can also affect the pH, which may modify the
optimal oxidation conditions (pH > 12) [105]. Consequently,
some precursors can remain partially or totally intact after
the TOP assay, or can form oxidation intermediates instead
of the expected endpoints. Incomplete oxidation can thus
distort and underestimate the TOP assay results.

To prevent the scavenging of oxidant within the sam-
ple, several different approaches have been suggested in
the literature. One option is to use harsher conditions
than those initially set by Houtz and Sedlak [18] (i.e.
more oxidant, a longer heating time and extra oxidation
cycles). In general, the effect of increasing the amount of
oxidant used was larger than the improvement observed
by increasing the heating time [30]. However, it is very
difficult to set up the optimal conditions as they depend
on the sample’s background and composition, and thus
need to be optimised for each type of sample. Moreo-
ver, multiple applications of the TOP assay or increasing
the amount of oxidant used has the drawback of adding
salt to the samples [41]. Based on a few experiments,
Zweigle et al. [42] assumed that, when ensuring a long
enough oxidation time, matrix-independent oxidation can
be achieved with PhotoTOP. A second approach proposed
in the literature was to lower the concentration of com-
peting molecules by diluting the sample prior to oxida-
tion [11, 36, 70]. Such a dilution approach could help
obtain consistent oxidation performances across samples,
but requires the prior knowledge of the PFAS level and
possible presence of radical scavengers [47]. A third
approach proposed to reduce the presence of dissolved
organic carbon by performing an ENVI-Carb clean-up
step prior to the TOP assay [106]. Such an approach was
recommended in the case of samples containing a high
amount of organic matter, such as biosolids, composted
materials and paper waste. Another proposal intended to
reduce the presence of dissolved organic carbon was to
perform a pre-treatment step with a mild oxidant such as
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hydrogen peroxide prior to extraction and oxidation [104].
To ensure the perfect optimisation of oxidative conditions
and the full conversion of precursors after oxidation, dif-
ferent strategies have been implemented. In some experi-
ments, a labelled model precursor (usually '*C8-FOSA)
was added to all samples prior to oxidation as an indica-
tor of effectiveness [21, 65, 96]. Complete oxidation was
then confirmed by measuring recovery of the known end
products of the effectiveness indicator used ('*C8-PFOA
in the case of 3C8-FOSA). This assumes that the labelled
model precursor has a higher concentration than other
precursors present in the samples and that it is not much
more easily oxidisable than them [105, 107]. The use of
other commercially available '3Cx-labelled fluorotelom-
ers and sulphonamides is less straightforward. This is
because they may oxidise to unlabelled end products
(e.g. PFCAs) — thereby positively interfering with tar-
get PFAS — or oxidise to labelled PFCAs, thereby inter-
fering with either the labelled internal standards used to
quantify target PFCAs or the labelled surrogates used
to monitor extraction effectiveness [36, 108]. Several
authors included a quality control (QC) by spiking sam-
ples with unlabelled precursors [52, 56, 59, 79, 109]. The
acceptance criterion in this case was the absence of the
spiked precursor material after the TOP assay [12, 110].
However, a spiked QC (usually ultrapure water) assumes
that the sample matrix does not preclude the complete
conversion of precursors, and spiking samples with unla-
belled precursors requires additional analysis (spiked and
unspiked samples) because their terminal products are
added to those from native precursors. Another suggested
approach was to perform the TOP assay under various
conditions (changing the dilution rate, reaction time and/
or oxidant dosage, for example) [30, 87, 105]. If the lev-
els of target end products measured following the dif-
ferent experiments are the same or do not significantly
increase, then the oxidation process is presumed to be
completed. This assumes that the number and conditions
of experiments are sufficiently broad to reach the pre-
cursors’ complete oxidation. This practice is meaningful
when analysing raw materials such as firefighting foam
concentrates or analysing heavily contaminated samples
with unknown precursors. Finally, the absence of target
precursors after the TOP assay can also be considered a
criterion of complete oxidation that is easy to implement.
In the PFAS National Environmental Management Plan
(NEMP) [111], this criterion was translated into a post-
oxidation ratio test for aqueous or soil samples (3 [PFAA
precursors]/Y. [Total PFAS]). However, this assumes that
the analytical method used targets a large number and
a wide variety of precursors, and that their recoveries
and analysis in the post-TOP matrix are complete and
reproducible.

The TOP assay’s accuracy depends on the range
of target end products

The vast majority of studies focused their post-TOP screen-
ing on PFCAs with at least four carbon atoms (C > 4)
(Table S1). However, many authors reported that other stable
end products besides PFCA (C > 4) should be considered
[18, 30]. Firstly, the TOP assay as commonly performed
does not capture ultra-short-chain PFCAs (C < 3) (less than
20% of the studies referenced in Table S1), despite the fact
they can make a marked contribution to the molar mass bal-
ance of some precursors after oxidation [62, 96]. This limita-
tion stems from the difficulty in analysing ultra-short-chain
PFAS in the reaction mixture, high in ion content, and the
resulting need to use a dedicated method with ion chroma-
tography/mass spectrometry [62, 112]. Gockener et al. [91]
pointed out that reduction in chain length depends on oxida-
tive conditions (especially for dTOP). In some cases, these
conditions could increase the formation of ultra-short-chain
PFCAs, a blind spot in many studies. Moreover, the screen-
ing for ultra-short-chain PFCAs after oxidation could reveal
the presence of CF;- or CF;-CF,-containing precursors, such
as some pharmaceuticals and agrochemicals [59]. However,
the yields of ultra-short-chain PFCAs from all these chemi-
cals in the TOP assay are not fully known [62, 81, 113].

It should be noted that not all the end products are PFCAs.
Based on the literature, a tentative list of the PFAS to tar-
get after oxidation has been provided in Table S6. Several
studies highlighted the importance of revising the current
approach, which considers only PFCAs (C > 4) as terminal
products of the TOP assay [14, 62, 114, 115]. It is recom-
mended to include far more terminal products in the TOP
assay analysis spectrum to obtain a more comprehensive
picture of the unknown PFAS fraction in a sample.

Presentation and interpretation of TOP assay results
is inconsistent across studies

The simplest way to present the results is to calculate the net
generation of precursors as a difference and a ratio between
corresponding pairs of endpoint concentrations after oxida-
tion and before oxidation [74, 81, 116]. To take into account
analytical uncertainties, they applied a cutoff of 20% change
in endpoint concentrations. Specifically, if the ratio was
>1.2, the difference was calculated as the endpoint con-
centration after oxidation minus the endpoint concentration
before oxidation. If the ratio was <1.2, the difference was
set to zero [81] or changes in concentration were considered
not observable [107].

In some studies, the molar concentration of each endpoint
after oxidation was corrected by subtracting the molar con-
centration before oxidation, as well as the molar contribution
of all the targeted precursors quantified in the unoxidised
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sample [58, 61, 117-120]. The latter can be calculated from
the expected molar conversion rates to endpoints of each tar-
geted precursor. It assumes that their individual degradation
profiles are known under the experimental conditions used.
A molar concentration of non-targeted/unknown precursors
was inferred as follows:

[non — targeted /unknown precursors] = Z[endpornts]aﬂerqop

— [endpoints from quantified precursors] — [endpoints]

It assumes that one mole of each non-targeted/unknown
precursor produced one mole of endpoints with a similar
chain length, as their conversion yields were unknown [61,
119]. The total molar concentration of PFAS can be approxi-
mated by adding together the endpoint molar concentrations

before—TOP

before the TOP assay ([endpoints]y.¢.e.rop) the molar con-
centration of targeted precursors before the assay and molar
concentration of non-targeted/unknown precursors ([non-
targeted/unknown precursors]) [52].

A more realistic assessment of the presence of non-tar-
geted/unknown precursors is obtained by taking into account
the endpoints generated by oxidation of detected precursors.
Otherwise, there is a risk of overestimating the molar con-
centration of non-targeted/unknown precursors. Similarly,
it is speculative to assume that the lack of quantification of
target precursors after oxidation means a 100% conversion to
known endpoints without knowing their individual degrada-
tion profiles under the experimental conditions used.

There is no standardised TOP assay protocol
or regulatory guidance

Since TOP assay effectiveness depends on factors such as
sample matrix and PFAS concentration, various modified
versions of the original method [18] have been suggested.
The published methods differ in aspects such as amount and
concentration of oxidation agent, oxidation time or the kind
of sample treatment prior to oxidation (e.g. extraction) and
the list of targeted end products. Consequently, the preci-
sion and reliability of TOP assay results can be questioned
and they may not be comparable from one laboratory to the
next [92, 95].

Since oxidation conditions are specific to sample type, it
appears impossible to recommend a single, standardised pro-
tocol. However, it is essential that the analytical conditions
are precisely described (e.g. dilution, pre-treatment steps,
oxidation conditions) and that a suite of quality controls
are implemented, as suggested below. In any case, the TOP
assay should be considered a semi-quantitative analytical
tool for establishing the presence of precursor compounds in
a sample. As a proof of its value, it was included as a moni-
toring technique in the Australian government’s national
environmental management plan [111].

@ Springer

Recommendations on best practices
and quality assurance/quality control
measures

The aim of this paper was not to provide a consensus
method, which appears utopic in light of the diversity of
situations that could be encountered when analysing envi-
ronmental samples or consumer goods. It rather provides
advice on how to improve the reliability and accuracy of
TOP assay results. It also reinforces and completes recom-
mendations given by Ateia et al. [19].

Preliminary conditions required for the TOP assay
and suggested acceptance criteria (Table 1)

1. The list of targeted terminal products should
include ultra-short-chain PFCA and as many other
PFAS identified as terminal products as possible
(Table S5). Known unoxidisable PFAS such as Gen-
X™ (HFPO-DA) should also be screened for before
and after oxidation. The list of targeted precursors
should be as exhaustive as possible. Based on the
referenced studies (Table S1), at least 40 PFAS
could be reasonably measured. It is recommended to
use isotopically mass-labelled analogues whenever
possible, and ideally the unoxidisable ones should
be spiked at the beginning of the procedure and the
oxidisable ones just after oxidation.

2. If a pre-treatment step is required before performing the
TOP assay (e.g. solvent extraction, SPE, filtration, puri-
fication), the recovery of all the targeted PFAS (precur-
sors and terminal products) should first be investigated
in at least five different matrices similar to those of the
samples analysed (i.e. not in ultrapure water). Three
replicates per matrix should be analysed and the results
mentioned in the study report. “Replicate” in this case
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Table 1 Recommended quality control and acceptance criteria for the TOP assay, based on a literature review (bold figures in brackets refer to
the subsection number of the “Recommendations on best practices and quality assurance/quality control measures” section in the article)

Pre-required analytical validation®

Performance criteria

Acceptance criteria

Steps of the analytical
procedure

Routine quality control®

Quality control criteria

Acceptance criteria

e A greater number of PFAS
is targeted, including US-
PFAS (1)

o No significant loss of
target PFAS (endpoints,
precursors and unoxidis-
able PFAS) (2)

o No contamination of
blanks (6)

o No significant loss of ter-
minal products including
unoxidisable PFAS (3)

e Precursors are detectable
in post-TOP matrix (4)

e No loss of precursors
(heated controls) (5)

e No contamination of
blanks (6)

o The individual degradation

profile of each targeted
precursor is known (7)

e >40

e Recoveries = 100 + 20%,
n > 5 matrices
e [PFAS] < 12 LOQ

e Recoveries > 60%, n > 5
matrices

e Recoveries > 60%

o [PFAS] < %2 LOQ

Analytical method

Pre-treatment®

Oxidation

Post-oxidation treatment

Analysis

Reporting of results

e Addition of stable internal
standards

e Unoxidised blanks (8)
e Addition of probe precur-
sor (e.g. 3C8-FOSA) (9)

e pH measurement (9)

e pH measurement (9)
e Addition of oxidisable
internal standards

e Oxidised blanks (8)

e Probe precursor (e.g.
13C8-FOSA) (9)

o Quantification of precur-
sors (9)

e > 3 replicates (10)

e [PFAS] < %2 LOQ

epH > 12
epH > 12

e [PFAS] < 2 LOQ

e Molar yield > 85%

e <LOQ or < 5% of
initial concentra-
tion

o RSD <20%

The prerequisite analytical validation and routine quality control provided in this table are focused on the TOP assay. General quality control
measures and analytical performance criteria required for analytical methods (sensitivity check, calibration, field blanks, sample collection, etc.)
have not been included here since they can be found in different standard/guidelines dedicated to target PFAS determination

YExtraction, filtration, clean-up, etc.

means pre-treating at least three different aliquots of a
sample and not three injections of one pre-treated ali-
quot. It must be kept in mind that spiking PFAS in a
sample, especially solid matrices (e.g. soil, sludge, sedi-
ment), does not perfectly mimic the behaviour of PFAS,
which have already been sorbed to the matrix for many
years [83]. The issue of the best ways to spike a sample
is outside the scope of this paper. Based on technical
guidelines [121, 122], the minimum requirement for
individual recoveries should be in the range of 80-120%.
The recoveries of terminal products after oxidation
should also be investigated. In the absence of precur-
sors, it means that the concentration of the targeted
terminal products should not be significantly different
before and after oxidation. In practice, targeted stable
endpoints (such as PFCAs and PFSAs) and their iso-
topically-labelled internal standard could be added to
different samples and quantified before and after oxi-

dation [81, 98, 123]. These samples should be fairly
representative of the analysed matrices and ideally free
of precursors and targeted endpoints. For this purpose,
Simonnet-Laprade et al. [119] used mineral water and
Fontainebleau sand. Based on published results, the
mean recoveries of terminal products and known unoxi-
disable precursors after oxidation should be above 60%
[81, 98]. This acceptance criterion is probably more
realistic than that given in the HEPA [111] guidelines:
“The total PFAS concentration post-TOP Assay should
be greater or equal to the total PFAS concentration pre-
TOP Assay, which signifies no material losses observed
in preparation steps, noting a decrease of up to 10%
might be expected due to normal analytical variability”.
Moreover, the ability of the analytical method to quan-
tify the potential presence of precursors in the post-TOP
matrix must also be checked. Indeed, ionisation interfer-
ence due to high salt content or loss during analytical
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treatments used to reduce the salt content could impair
precursor detection, leading to false and optimistic
assertions on oxidation performance. This is a com-
mon pitfall of many studies, which restrict their target
list after oxidation to terminal products. It is of utmost
importance to know whether precursors are still present
after oxidation, since this provides information on the
completeness of the oxidation. In practice, precursors
and their isotopically-labelled homologues could be
spiked at known concentrations in oxidised samples,
having previously checked their absence. This addition
should be performed just after oxidation and before any
of the analytical treatments implemented prior to injec-
tion in the LC/MS. These experiments should be car-
ried out in triplicate, preferably in at least five different
sample types.

5. Some authors suggested using heated controls of dif-
ferent PFAS without adding oxidant or NaOH to assess
potential loss upon heating [14, 18]. If the recoveries
of terminal products after oxidation have already been
checked and were within the satisfactory range, these
controls are only recommended for targeted precursors.
Without real feedback from experience, mean recover-
ies above 60% could be suggested for precursors in the
post-TOP matrix and heated controls.

6. Unoxidised and oxidised procedural blanks should be
performed to monitor background contamination in
laboratory materials (e.g. solvents, tubing, reagents
and sampling containers). In some studies, TOP
assay results were subtracted from the background
concentrations found in procedural blanks [21, 60,
78, 123]. In our opinion, this practice is not recom-
mended. In the case of background contamination,
the report should provide information on the contam-
ination level and its recurrence (e.g. relative standard
deviation across the analytical series) and the LOQ
calculation should take into account this contamina-
tion. PFAS levels should systematically be below half
of the LOQ.

7. To accurately assess the presence of non-targeted/
unknown precursors, it is necessary that the individual
degradation profile of each targeted precursor was pre-
viously determined under the oxidation conditions used
and in matrices similar to those analysed. These results
should be used to correct the molar concentration of
each endpoint after oxidation.

Routine quality control and acceptance criteria
(Table 1)

8. Unoxidised and oxidised procedural blanks should be

added to each sample series. They must be below half
of the LOQ determined during the method’s validation.
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10.

The study should report information on blank results
and the LOQ’s calculation should take into account any
recurrent contamination above half of the LOQ.

To ensure that all precursors are efficiently converted
to end products, several control measures should be
implemented. None is fully satisfactory, but together
they minimise the risk of incomplete oxidation.

First, an oxidation effectiveness indicator such as
13C8-FOSA could be added to all samples [21, 96,
107, 124]. As stated by Larsson [21] himself and
Pettersson et al. [107], this does not mean that all
potential PFAS precursors have been fully con-
verted. Other unknown compound groups with dif-
ferent chemical moieties than -SO,NH, may require
an additional oxidation agent or increased reaction
time. Based on published results, molar yields of
13C8-FOSA to '*C8-PFOA should be above 85% in
every sample.

The absence of all targeted precursors should be
checked after oxidation [78, 104, 111, 125]. In the
absence of native targeted precursors before oxida-
tion, samples should be spiked to evaluate the poten-
tial for incomplete conversion of known precursors.
Any oxidised samples with quantifiable targeted
precursors should be excluded [11, 107, 115]. The
HEPA [111] guidelines give the following criteria:
“for aqueous samples, sum of [PFAA precursors]
divided by sum of [Total PFAS] <5%” and “for soil
samples, sum of [PFAA precursors] divided by sum
of [Total PFAS] <10%”. All these criteria are rel-
evant only if a great number of precursors are ana-
lysed and only if it has been previously demonstrated
that their recovery and analysis in the post-TOP
matrix were complete and reliable, respectively.

It is important to maintain highly alkaline condi-
tions throughout the oxidation process [36, 117, 126].
Indeed, an insufficient amount of NaOH can affect oxi-
dation and lead to PFCA degradation. Consequently,
pH should be monitored after the addition of NaOH
to the samples [97, 127]. If necessary, more NaOH
should be added [115]. The pH should also be checked
after oxidation [71]. Any samples with a post-TOP pH
< 12 should be discarded [36, 71, 115, 117, 126].

To confirm the repeatability of the whole procedure,
the TOP assay should be performed at least in triplicate
on each sample. Avoid replicate injections of a single
oxidation because this practice overestimates repeat-
ability. Several studies performed triplicates, which
could be considered a minimum requirement [18, 30,
35, 63, 80, 100, 128-130]. Relative standard devia-
tion across replicates should be provided with the TOP
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assay results. Based on authors’ observations, relative
standard deviation (RSD) across sample replicates
should be < 20% [14, 30, 48, 69, 100].

Conclusion

Conventional target analysis can only be used to analyse
a small proportion of the PFAS present in the environ-
ment or consumer goods. To improve our understand-
ing of potential PFAS exposure, fate and transport in the
environment, there is a clear need for methods capable of
capturing PFAS other than those captured in routine target
analysis. To reduce the unidentified organic fluorine frac-
tion, several approaches have been developed.

Among them, the TOP assay has established itself as a
useful tool. This surrogate method has proved to be selec-
tive, sensitive, applicable to many matrices, assessed in
the literature on many different precursors, useful within
a forensic context, inexpensive and easy to implement.
However, this method comprises many subtleties and has
some flaws that should be known and addressed insofar
as possible. By following the recommendations provided
in this review, both the accuracy and reliability of TOP
assay results could be improved. Proficiency tests can also
help to improve robustness and standardise the TOP assay
procedure within laboratories, but very few have been
organised up to date. This is a major and important chal-
lenge, since the European Commission recently adopted
a Total PFAS limit (0.5 pg/L) for drinking water, but did
not specify a dedicated method. To earn the confidence
of regulators, relevant quality assurance/quality control
measures should be systematically implemented when per-
forming the TOP assay.

The TOP assay does not quantify or identify the struc-
tures of individual precursors. It is an indirect approach
that only provides rough estimates of oxidisable precur-
sors. It does not account for any PFAS that are not oxidis-
able or that oxidise to substances that are not included
in the targeted analyte list. Consequently, it may under-
estimate PFAS abundance. It is a screening method for
evaluating the presence of unknown precursors in a sam-
ple. To identify these unknown precursors, further analyti-
cal investigations such as NTS are needed. It is important
to be aware of these limitations when interpreting data
from a TOP assay. Currently, there is no true “total PFAS”
method and to obtain a comprehensive overview of the
PFAS burden of a sample, several complementary analyti-
cal approaches are still necessary. The TOP assay should
definitely be included in this panoply of approaches.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-025-05902-3.
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