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Per- and poly-ﬂuorinated substances (PFASs) are known to have the potential of binding to certain
proteins. Protein binding is important to the understanding of cellular toxicities, biotransformation
pathways, and the fate of selected PFASs. In this work, we provide a systematic review of major approaches to characterizing PFAS-protein binding, including the techniques based on separation, calorimetry, spectroscopy, mass spectrometry, surface plasmon resonance, molecular docking, and surfactant
nature of PFASs. These approaches enable qualitative and/or quantitative characterization of binding
parameters, such as the binding afﬁnity constant and binding stoichiometry. For each approach, we
review its principles and evaluate inherent strengths and limitations. In addition, the main methodologies for the identiﬁcation of binding sites and target proteins are reviewed. Through the integrated
review and identiﬁcation of knowledge gaps and challenges, our work will guide the selection of
methodologies for better characterizations of the mechanisms, kinetics, and adverse effects of PFASprotein binding.
© 2019 Published by Elsevier B.V.
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1. Introduction
Per- and poly-ﬂuorinated substances (PFASs) are anthropogenic
chemicals with more than 3000 sub-classes, among which perﬂuoroalkyl carboxylates (PFCAs) and perﬂuoroalkyl sulfonates
(PFSAs) are most widely studied [1]. Due to their chemical inertness
and surfactant properties, PFASs are widely used as surfactants,
polymers, or as components of pharmaceutical, lubricant, and
insecticide mixtures [2,3]. Massive usage has resulted in global
occurrences of PFASs, even in polar regions, demonstrating their
environmental persistence and long-range transport potential [4].
Selected PFAS chemicals have been widely reported in ﬁsh, wildlife
and humans, representing considerable bioaccumulation potencies
and potential biological effects [2,5]. Reported toxicities of PFASs
include developmental effects, hepatotoxicity, endocrine disruption, and immunotoxicity [6]. Consequently, perﬂuorooctane sulfonic acid (PFOS), its salts, and its precursor perﬂuorooctane
sulfonyl ﬂuoride (PFOSF) have been added to the Stockholm
Convention on Persistent Organic Pollutants and subjected to
environmental surveillance in many regions of the world [7].
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Interactions of proteins with various ligands (e.g., fatty acids and
drugs) have been investigated for decades. The structures of PFSAs
and PFCAs contain a highly hydrophobic perﬂuorocarbon tail
paired with a strongly polar carboxylate or sulfonate headgroup,
respectively. These structures resemble those of fatty acids and
facilitate both hydrophobic and ionic interactions with proteins [8].
It is well known that PFCAs and PFSAs are mainly distributed in
protein-rich body compartments, such as plasma, liver and kidney
[9e11]. The PFAS-protein interactions were ﬁrstly investigated in
the 1950s, but the purposes of early studies were to protect bovine
serum albumin (BSA) against denaturation through its interaction
with perﬂuorooctanoate acid (PFOA) and subsequent precipitation
[12e14]. After organoﬂuorine chemicals were reported in human
plasma [15], and later PFASs were recognized as global contaminants, interactions between PFASs and proteins recaptured researchers' attentions.
To date, the characterization of PFAS-protein binding was
mainly conducted for the investigation of PFASs' toxicity via direct
or competitive binding assays. Some studies employed direct
binding assays to explore the effects of interactions on protein
structures and functions as well as the underlying mechanisms.
Zhang et al. reported that the binding of PFOS to human serum
albumin (HSA) changed secondary conformation and inhibited
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transport functions of HSA [16]. PFOS-BSA interactions have been
shown to impair BSA's secondary and tertiary structures and
decrease its esterase-like activity [17]. Other studies used
competitive binding assays to investigate the interfering or
competitive displacement of endogenous ligands (e.g., fatty acids
and amino acids) by PFASs. Such competitive binding may further
disrupt normal functions of proteins, such as endocrine and
immunological functions [18,19].
In addition to toxicity evaluations, the PFAS-protein binding was
also investigated for understanding the bioaccumulation,
biotransformation and elimination of PFASs [20e22]. For example,
the fate of ﬂuorotelomer unsaturated aldehydes and acids was
explored by investigating their reactivity with model proteins [23].
The mechanism for sex-dependent elimination of PFOA in rats was
also investigated by characterizing the binding of PFOA to liver- and
kidney-form a2u-globulins [21].
In light of the need for studying PFAS-protein binding as summarized before, the present study aims to provide a systematic
review on the approaches to characterizing PFAS-protein binding
and the methodologies for identifying selected PFASs' target proteins and binding sites. In this review we describe the principles of
each method and its applications, discuss their advantages and
limitations, and identify knowledge gaps as well as future
perspectives.
2. Methodologies for characterizing PFAS-protein binding
Available techniques used to investigate PFAS-protein interactions are summarized in Fig. 1. These approaches allow qualitative and quantitative characterization of the interactions via
several main techniques, including the separation of free and

protein-bound fractions of ligands and the detection of perturbation in the physicochemical properties of PFASs, binding protein, or
the PFAS-protein complexes [24]. These characterizations further
illustrate the type of binding, binding afﬁnity, binding capacity,
binding sites, or the effects of binding on both the structures and
activities of proteins for different study aims (Table 1).
2.1. Separative methods
Equilibrium dialysis (ED) is a widely used separative method for
the characterization of protein-ligand binding. It is based on the
establishment of an equilibrium state between the protein solution
and buffer solution containing PFASs separated by a membrane
permeable to PFASs but impermeable to the proteins and their
complexes [8,16,25]. Although it is considered as a standard
approach to characterizing binding afﬁnities over a wide range of
ligand to protein (L:P) mole ratios, this method has low throughput
since the time to reach equilibrium is often long (typically 6e24 h;
2e4 h in some cases) [26]. As a rapid approach alternative to ED,
ultraﬁltration is also based on a semipermeable membrane which is
only permeable to ligands. However, potential membrane effects
limit broad applications of both the ultraﬁltration and equilibrium
dialysis approaches. Han et al. indicated that the failure of using an
ultraﬁltration system to characterize PFOA-rat serum albumin
(RSA) binding was attributed to the non-speciﬁc binding of PFOA
with the membrane [27].
Another two approaches to separating free PFASs from bound
forms are size-exclusion chromatography (SEC) and desalting
column separation. In two SEC studies, rat plasma or blood
samples containing dosed 14C-PFOA were loaded on the chromatographic column and then eluted with phosphate buffered

Fig. 1. A summary of the main methodologies used to characterize PFAS-protein binding. ESI-qTOF-MS, electrospray ionization quadrupole time of ﬂight mass spectrometry;
MALDI-TOF-MS, matrix assisted laser desorption/ionization time of ﬂight mass spectrometry; n, stoichiometry; DG, Gibbs free energy; DH, the enthalpy of the binding reaction; DS,
the change of entropy.
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Table 1
Examples of available studies on the binding of PFASs to different proteins.
PFASs

Target Proteins

Methodologies

Interaction Characterization

Ref

PFOA

HSA, rat serum albumin

Number of binding sites, Kd

[27]

PFBS, PFHS, PFOS, PFBA, PFOA,
PFDA
PFOA

BSA

Size-exclusion chromatography,19FNMR, ESI-qTOF-MS, ligand blotting,
microdesalting column separation
qTOF-MS

Binding capacity

[19]

2u-globulins

Kd

[21]

PFOA

HSA

[34]

PFOA

HSA

PFOA with different
counterions
PFOA, PFDA

b-lactoglobulin

Surface tension measurements, UVevis,
electrophoretic mobility
CD, ﬂuorescence, conductivity,19F- NMR

Binding capacity, number of ligand sites, Hill
binding constant, Hill coefﬁcient
Conformational changes
Conformational changes

[33]

Catalase

Electrophoretic mobility, UVevis

[37]

PFOA, PFBA, PFBS, PFOS, PFDoA
PFOA

HSA
HSA

PFOS

Serum albumin

PFOA, PFNA
PFOA, PFHxA
PFHpA, PFOA, PFNA, PFDA,
PFUnA, PFHxS, PFOS
PFOA, PFNA, PFDA, PFUnA

BSA, HSA
HSA
HSA

Fluorescence
Equilibrium dialysis, ﬂuorescence, ITC,
CD
Equilibrium dialysis, ﬂuorescence, ITC,
CD
Equilibrium dialysis, nanoESI-MS
19
F- NMR
Fluorescence

Number of binding sites, conformational
changes
Binding sites and Ka
Thermodynamic properties of interaction,
conformational changes, binding sites
Thermodynamic properties of interaction,
conformational changes, binding sites
Ka, binding stoichiometry
Binding sites
Hill binding constant, Hill coefﬁcient

[8]
[53]
[40]

BSA, HSA

Ka

[31]

PFDA, PFOA, PFPA

Bovine hemoglobin, myoglobin

Surface tension measurements,
ﬂuorescence,19F- NMR
Fluorescence, UVevis, CD

[42]

Fluorotelomer unsaturated
acids and aldehydes
PFBA, PFBS, PFOA, PFOS, PFDoA,
PFTA
Fluorotelomer unsaturated
aldehydes and carboxylic
acids
PFOA

Apomyoglobin, HSA

ESI-qTOF-MS,19F- NMR

Conformational changes, secondary structure
changes
Complex stoichiometry

[23]

Estrogen receptor

surface plasmon resonance, molecular
docking
ESI-qTOF-MS

Kd, Ka, relative binding afﬁnity

[48]

Adducts stoichiometry

[20]

Fluorescence, ITC, differential scanning
calorimetry, infrared spectroscopy
Fluorescence, CD, molecular docking

Conformational changes, effects on thermal
stability
Kd, structure changes, binding strength

[29]

HSA, BSA

b-lactoglobulin
Liver fatty acid binding protein

Ligand blotting, ESI-qTOF-MS,
ﬂuorescence
UVevis, CD, ion-selective electrodes

[32]

[38]
[25]
[16]

[41]

PFBA, PFPA, PFHxA, PFHpA,
PFOA, PFNA, PFDA, PFUnA,
PFDoA, PFTA, PFHxDA,
PFOcDA, PFBS, PFHxS, PFOS,
6:2 FTOH, 8:2 FTOH
PFBA, PFHxA, PFHpA, PFOA,
PFNA, PFDA, PFUnA, PFDoA,
PFOcDA, PFTA, PFBS, PFHxS,
PFOS, 6:2 FTOH, 8:2 FTOH,
10:2 FTOH
PFOS

Thyroid hormone transport
proteins

Fluorescence, CD, molecular docking

Relative potency compares with natural ligand
thyroxine, Kd

[50]

BSA
Hemoglobin

PFOA

HSA

PFOA

Lysozyme, hemoglobin,
catalase
Serum albumins

Electrophoretic mobility

Conformational changes, effects on thermal
stability, binding sites
Conformational changes, effects on thermal
stability, binding sites
Number of binding sites, binding energy,
conformational changes
Number of binding sites

[17]

PFOS

Fluorescence, CD, UVevis, molecular
docking
Fluorescence, CD, UVevis, molecular
docking
Electrophoretic mobility, UVevis

ESI-qTOF-MS, ﬂuorescence, molecular
docking
Fluorescence, MALDI-TOF-MS

Complex stoichiometry, Ka, conformational
changes, binding sites
Binding sites, complex stoichiometry

[45]

PFOA, PFOS
Perﬂuoroalkane sulfonyl
ﬂuorides

HSA

[39]
[36]
[35]

[44]

PFBA: perﬂuorobutanoic acid; PFPA: perﬂuoropentanoic acid; PFHxA: perﬂuorohexanoic acid; PFHpA: perﬂuoroheptanoic acid; PFOA: perﬂuorooctanoic acid; PFNA: perﬂuorononanoic acid; PFDA: perﬂuorodecanoic acid; PFDoA: perﬂuorododecanoic acid; PFTA: perﬂuorotetradecanoic acid; PFUnA: perﬂuoroundecanoic acid; PFOcDA: perﬂuorooctadecanoic acid; PFOS: perﬂuorooctane sulfonic acid; PFBS: perﬂuorobutane sulfonate; PFHxS: perﬂuorohexane sulfonate; 6:2 FTOH: 6:2-ﬂuorotelomer alcohol; 8:2
FTOH: 8:2-ﬂuorotelomer alcohol; 10:2 FTOH: 10:2-ﬂuorotelomer alcohol; HSA: human serum albumin; BSA: bovine serum albumin; ESI-qTOF-MS: electrospray ionizationquadrapole time of ﬂight-mass spectrometry; CD: circular dichroism; NMR: nuclear magnetic resonance spectroscopy; ITC: isothermal titration calorimetry; UVevis: ultraviolet visible spectroscopy; MALDI-TOF-MS, matrix assisted laser desorption/ionization time of ﬂight mass spectrometry.

saline. Given that free PFOA usually elutes later than protein
molecules, the coelution of 14C-PFOA and protein molecules,
indicated by simultaneous monitoring of the radioactivity of 14CPFOA and the ultraviolet absorption wavelength of proteins,
demonstrated the occurrence of 14C-PFOA-protein binding
[27,28]. In the desalting column method, free PFASs (PFOA for

example) are retained on the column after loading samples, while
the complexes can freely pass [27,28]. If the column is demonstrated to result in high recoveries for both proteins and free
PFOA, the desalting column method deems reliable for quantitative measurement of binding parameters (e.g. Kd) under both
high- and low-afﬁnity binding conditions [27,28].
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2.2. Calorimetric techniques
Two calorimetric approaches are used to study the PFAS-protein
binding: isothermal titration calorimetry (ITC) and differential
scanning calorimetry (DSC) [29]. The ITC method is based on one of
the fundamental molecular characteristics, i.e., thermodynamics is
involved in molecular interactions. In the ITC method, PFAS solution is injected into the protein solution at a low constant speed and
under a constant temperature, during which the change of thermodynamic parameters (e.g., reaction enthalpy and heat capacity)
is measured. The ITC is not suitable for very high- or very lowafﬁnity systems, as in both processes it is unlikely to derive accurate thermodynamic information from calorimetric data [30]. The
ITC also has low throughput as it takes a relatively long time to run
a full titration experiment. The DSC approach employs a reference
cell and a sample cell heated at a controlled rate. Proteins are denatured along with temperature increase, while the addition of
PFOA to the sample cell might shift the denaturation process.
Comparisons of the DSC thermograms of proteins with and without
the presence of PFOA and measurement of the shift in denaturation
enthalpy qualitatively determine binding afﬁnity constants (e.g.,
association constant Ka). However, DSC is an indirect method since
the shift is conducted on the folded and unfolded proteins rather
than the complexes themselves.
Calorimetric methods demonstrate an advantage over other
methods in their ability to provide a relatively full picture of thermodynamic parameters during binding reactions, including the
equilibrium binding constants, the enthalpy of binding reactions
(DH), the entropy change (DS), and the Gibbs free energy (DG).
These thermodynamic data allow the exploration of not only the
interaction mechanisms, but also the effects of PFASs on protein
properties. For example, DSC measurements revealed that the
presence of PFOA caused irreversible denaturation of b-lactoglobulin (BLG) at a room temperature [29].

2.3. Surfactant nature-based methods
A few approaches were applied to determine the PFAS-protein
binding based on the nature of selected PFASs as surfactants. The
surface-active properties of surfactants enable the investigation of
PFAS-protein binding through the measurement of surface tension.
When PFASs are bound to proteins, the surface tension of a solution
will be increased since the amount of free PFASs is reduced [31,32].
Another approach is to measure the changes in the conductivity of
aqueous PFAS solution with and without proteins [33]. In both
methods, the critical micelle concentration (cmc) of a PFAS is
selected as a critical operation condition. These methods are simple
and quick, but neither of them can directly measure association
constants or characterize interaction mechanisms.
Ion-selective electrode has been employed to measure PFOAprotein binding through potential measurement via a millivolt
meter equipped with a C7F15COO-ion-selective electrode and a
saturated calomel electrode [34]. As the electromotive force value
(emf) is related to free C7F15COOeNaþ concentrations, the amount
of C7F15COO bound to HSA, binding kinetics, as well as Ka, stoichiometry and DG, can be determined via emf data.
Electrophoretic mobility (zeta-potential) measurement has
been used to determine the effect of electrostaticity and hydrophobicity of PFOA on its interaction with proteins [35e37]. The
measured electrophoretic mobilities of a complex are used to
calculate zeta-potential based on the Henry equation. Data of zetapotential with an increase of PFAS concentration to a ﬁnal concentration near its cmc can give both quantitative and qualitative
information on binding, such as binding afﬁnity constants and

binding energy, thus facilitating a better understanding of PFASprotein interaction mechanisms.
2.4. Spectroscopy
Spectroscopic techniques represent the most widely used approaches for PFAS-protein binding characterizations, which usually
include ﬂuorescence spectroscopy, nuclear magnetic resonance
spectroscopy (NMR), circular dichroism, infrared spectroscopy, and
ultraviolet visible (UVevis). In addition to the measurement of
binding afﬁnity constants, spectroscopic approaches also facilitate
the exploration of binding mechanisms by providing insight into
three-dimensional protein structure and complementary structural/conformational changes of protein molecules resulting from
complex formation.
Fluorescence spectroscopy ﬁnds broad applications in PFASprotein binding studies (Table 1) by offering a variety of measurements, including emission spectra, excitation spectrum ﬂuorescence intensity, and ﬂuorescence lifetime. Qualitative and
quantitative information of PFAS-protein interactions can be achieved through these measurements. Shift of the maximum emission wavelength [38,39], decrease of ﬂuorescence intensity [25,31],
and decrease of ﬂuorescence lifetime [31] have been observed
when PFOA or PFOS was added to a protein solution. The great
sensitivity of intrinsic ﬂuorescence of tryptophan or tyrosine residues results in a high signal-to-noise ratio and allows the method
to be applicable to a wide range of L:P mole ratios. Threedimensional ﬂuorescence spectroscopy further enables more efﬁcient observation of conformational changes of proteins (e.g., BSA)
following the interaction with PFOS [17]. Mathematical models,
such as the Scatchard plot, Lineweaver-Burk, and Stern-Volmer
plots, are applied in ﬂuorescence spectroscopy for the measurement of binding afﬁnity constants [31,38]. However, a primary
limitation of these methods arises from the inability of ﬂuorescence
spectroscopy to directly measure free PFASs. In these models,
concentrations of free PFASs are usually substituted by the total
concentrations of free and bound forms [31], which may deviate
binding afﬁnity measurements [40]. Another potential limitation of
these models is their oversimpliﬁcation of ligand attachment to
binding sites by ﬁtting curvilinear plots with straight lines. In
addition to the mathematical models based on direct measurement
of ﬂuorescence intensity, indirect displacement assays or competitive binding assays have been used more frequently to measure
binding constants [18,21,41]. Small molecule acids (e.g., dansyl
undecanoic acid) are often used as ﬂuorescence probes. After PFASs
are added to the probe-protein system and measured by ﬂuorescence spectroscopy, the dissociation constant (Kd) of a PFAS can be
estimated with the below equation [21]:
Kd_PFAS ∕ Kd_Probe ¼ IC50_PFAS ∕ [Probe]

(1)

where IC50_PFAS is the 50% binding inhibitory concentration of a
PFAS, [Probe] is the probe concentration, and Kd_PFAS and Kd_Probe
represent the Kd for PFAS and the ﬂuorescence probe, respectively.
Owing to high-resolution signals, the NMR techniques are able
to characterize binding interactions in more detail, including the
stoichiometry, kinetics and conformational properties of a complex.
The 19F-NMR is frequently used in PFAS-protein binding studies
(Table 1). Determination of Ka, Kd, and other quantitative parameters can be achieved by measuring PFASs' resonance shift before
and after binding to proteins. However, NMR is limited by its
inability to characterize binding at a low L:P mole ratio. This reduces the technique's physiological relevance, as the levels of PFASs
in human bodies are much lower compared with those of proteins
[31].
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Circular dichroism (CD) spectroscopy provides information on
possible conformational changes of proteins [39,41,42]. Its spectrum characterizes the percentages of the major components of a
protein's secondary structure (e.g., a-helica, b-sheet, and b-turn).
Thus, the changes of the percentages with the presence of PFASs
indicate conformational alteration of proteins and the occurrence
of PFAS-protein interactions [17,34]. In theory circular dichroism
enables the determination of protein-ligand binding parameters
(e.g., Ka). However, this technique has rarely been used to quantitatively characterize PFAS-protein binding, probably because the
binding of PFASs to most proteins is in a low to medium afﬁnity
range, while CD is more reliable for high-afﬁnity binding interactions [43].
The UVevis spectrometry has also been employed to study
PFAS-protein binding (Table 1). The outcome of this method is
expressed as the differences in UV absorption spectra of protein
molecules with or without the interaction with PFASs [17,39].
Infrared spectrometry was also combined with other spectrometric
methods to investigate how PFOA binds with the BLG and whether
the binding affects BLG's thermal stability [29]. The spectra of
PFOA/BLG complexes were markedly different from those of pure
BLG, thus indicating the occurrence of binding from a qualitative
view.
2.5. Mass spectrometry (MS)
Mass spectrometry offers a straightforward and efﬁcient
approach to measuring the stoichiometry and molecular weight of
the complexes during the ligand-protein interaction. Analytical
advantages of MS measurements include rapid characterization,
ability to measure binding stoichiometry, and simultaneous evaluation of multiple equilibria and different complexes. In PFASprotein binding studies, two soft ionization techniques, electrospray ionization (ESI) and matrix assisted laser desorption/ionization (MALDI), have been used [8,23,44], which in combination of
time-of-ﬂight (TOF) or quadrupole TOF (qTOF) MS also allows for
high resolution measurements of interaction complexes (Table 1).
The ESI-MS allows the detection and quantiﬁcation of free and
PFAS-bound protein ions based on the mass differences between
the molecular ions of unadducted protein and the complexes. The
Ka is determined from the ratio of the total abundance of proteinPFAS complex ions to free protein ions and known initial concentrations of proteins and PFASs in the solution [8,45]. Although the
transformation of ions from liquid to gas phase will largely preserve
the interaction, the most controversial aspect of this approach is
the extrapolation from the gas-phase measurements to solutionphase behavior [46]. This is because the relative abundance of the
protein-PFAS complex ions to free protein ions may change during
the evaporation and droplet ﬁssion processes, possibly causing
incorrect measurements of Ka and binding stoichiometry.
Since most PFAS chemicals are found to be weak ligands when
binding to proteins [18,19,25], the successful implementation of
ESI-MS requires the complexes present in a solution to be well
preserved during the ESI process and in the gas phase. Operational
parameters of the mass spectrometry, such as capillary temperature and collision energy, may have effects on not only the sensitivity of the mass spectrometry, but also the structural stability of a
complex. Han et al. reported that the ions corresponding to the
complex of PFOA and a2u-globulins disappeared at cone voltages
higher than 30 V [21]. On the other hand, if the complex dissociates
after entering into MS by changing instrument conditions (e.g.,
increasing collision energy), this will permit the detection of free
PFASs and then measurement of binding capacity. However, it
works only if free proteins and PFASs are completely ﬁltered out
before entering into the MS system [19]. Another challenge limiting
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the widespread implementation of this method is the contradictory
effects of “physiological” buffer system on the protein stability and
the sensitivity and reproducibility of mass spectrometric analyses.
Jones et al. investigated the inﬂuences of different buffer systems
on the sensitivity and reproducibility of the PFOS-BSA binding.
Results revealed that no ideal buffer could simultaneously maintain
proteins stable while enhancing the sensitivity of the proteins
during mass spectrometric analyses [19].
NanoESI-MS was employed to overcome some disadvantages of
ESI-MS (e.g., low sensitivity and high sample consumption) for the
investigation of noncovalent bindings between PFAS and BSA [8]. A
particular nanoESI-MS system (i.e., the Nanomate) functions as a
combination of autosampler and nanoelectrospray with a nL/min
ﬂow rate, offering softer ionization than conventional ESI-MS [47].
Compared with the results from equilibrium dialysis and other
approaches, nanoESI-MS was demonstrated with the capability of
measuring Ka and binding stoichiometry over a wide range of L:P
mole ratios. However, some challenges to conventional ESI-MS,
such as poor reproducibility and the risk of complex disassociation, also exist for nanoESI-MS.
2.6. Other techniques
2.6.1. Surface plasmon resonance (SPR) technique
Gao et al. [48] proposed a SPR-based biosensor method to
characterize PFAS-induced conformational changes of estrogen
receptor (ER). Estrogen receptor is ﬁrstly immobilized on the sensor
surface, and then bound to PFASs with different chain lengths and
acid groups (e.g., PFOA, perﬂuorobutyric acid, perﬂuorobutane
sulfonic acid, PFOS). If the PFOA-ER binding induces a conformation
state in the sensor surface, the SPR response signals will be changed
and recorded. Mathematical treatment of these signals yields
binding data, such as Ka and Kd. This quick and real-time method
provides both kinetic and afﬁnity information. However, its applications are limited by low throughput and time-consuming
method development.
2.6.2. Molecular docking
As a computer-aided tool, molecular docking complements
experimental measurements by providing insight into PFASprotein interactions from structural characteristics [41,45,49,50].
Based on known three-dimensional structures of both the proteins
and ligands, this approach predicts the structure of the formed
complexes via computer programs with a combination of sampling
algorithms and scoring functions. The sampling algorithms reproduce the experimental conformations by putting the ligand into an
active site of the protein, followed by a rank of all generated conformations through a scoring function [51]. This method yields a
number of parameters describing the interactions, including the
binding energy, hydrogen-bonding interaction, and the length of
ligand. Although this method is quick and effective, it might result
in deviations in the prediction of in vivo or in vitro interactions,
possibly due to the metabolism and other biological processes in a
living organism [52].
3. Methodologies for identifying binding sites and target
binding proteins
3.1. Identiﬁcation of binding sites
Methods for determining binding sites differ in principles from
the aforementioned approaches in the characterization of various
binding parameters (e.g., binding afﬁnity and stoichiometry).
Fluorescence and NMR spectroscopy are two indirect methods used
to identify binding sites, mainly via competitive displacement
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measurements (Fig. 2). In brief, after proteins are bound with sitespeciﬁc probes, the displacement of some binding sites on the
probes by PFAS molecules results in subsequent changes in the
ﬂuorescence and NMR spectra (e.g., decrease of ﬂuorescence intensity). Selection of sensitive probes for target ligands is critical to
these methods. Based on the known fatty acid binding sites of HSA,
Chen and Guo used dansylamide and dansyl-L-proline as ﬂuorescence probes for two speciﬁc sites to investigate the binding of
PFOA and PFOS to HSA [38]. Dansyl-L-proline and warfarin were
used as ﬂuorescence probes in another study for the determination
of the binding sites of PFOSF on HSA [44]. D'eon et al. used 13C1oleic acid sitting in different binding sites as the probe to study
PFOA/perﬂuorohexanoic acid (PFHxA)-HSA binding during 13CNMR measurements [53]. In the same study, two drugs (i.e.,
ibuprofen and phenylbutazone) with known binding sites were
also used as oleic acid's competing ligands to further conﬁrm
binding sites [53].

3.2. Identiﬁcation of target binding proteins
Identiﬁcation of target proteins is critical to a comprehensive
characterization of PFAS-protein binding. It also broadens the
knowledge of PFAS-induced toxic effects. Ligand blotting assay has
been used to identify PFOA's target proteins in plasma and liver
cytosol [27,28]. After being transferred onto a polyvinylidene
ﬂuoride membrane, proteins are incubated in a buffer before
blotting. After blotting, the membrane is washed and then autoradiographed by the phosphor image technique. The radio-labeled
band in gel autoradiogram indicates principle proteins targeted by
PFOA and the relative binding capability. However, during this
method nonspeciﬁc binding could occur and hamper the identiﬁcation of actual target proteins.

Two novel NMR techniques, including the heteronuclear saturation transfer difference NMR (H-STD-NMR) and the reverse
heteronuclear saturation transfer difference NMR (RH-STD-NMR),
have been employed to explore target proteins of PFOA/PFHxA in
human serum [53]. For a traditional STD-NMR experiment, target
proteins are selectively saturated, while no ligand resonances are
irradiated, which is referred to as the on-resonance spectrum.
Saturation will then be transferred to ligands if they interact with
the proteins. By contrast, neither the ligand nor the protein resonances are irradiated in the off-resonance spectrum. This technique measures the difference spectrum by comparing on and offresonance spectra, and only signals from saturated ligands will
remain. PFASs contain two nuclei, 19F and 1H, which are well taken
advantage of by H-STD-NMR and RH-STD-NMR. In the H-STDNMR method, conventional 1H detection is replaced with 19F
detection. The 1H-nuclei of proteins are selectively saturated, and
the saturation is then transferred to PFOA or PFHxA closely contacting with the proteins. The RH-STD-NMR is a reversed process,
during which the 19F-NMR signals of PFASs are ﬁrstly saturated
and then transferred to 1H-nuclei of any interacted components.
Therefore, in difference spectrum only signals from saturated
proteins that interact with PFOA or PFHxA will remain. All other
components that do not interact with PFOA/PFHxA are not saturated and will be absent from the difference spectrum. Comparing
the spectra of RH-STD-NMR with those of suspected components
(e.g., HSA) subsequently identiﬁed HSA as the most possible target
protein for PFOA or PFHxA [53]. By using the H-STD-NMR, the
speciﬁcity and binding orientation of PFOA to human serum were
determined and used for further conﬁrmation of HSA as the
binding protein.
Proteomic methods have been introduced to directly identify
target binding proteins of PFOA in liver [54]. The procedures in
sequence included gel-based or MS-based competition assays,

Fig. 2. Schematic presentation of displacement measurements of site-speciﬁc binding of PFASs to proteins by using ﬂuorescence probes. Each probe is designed to speciﬁcally bind
to certain sites in the protein.
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parallel reaction monitoring (PRM)-based targeted proteomic
strategy, thermal stability assay, and targeted metabolomics [54].
Both the gel-based and mass-based competition assays utilized two
cysteine-targeting probes, i.e., iodoacetamide alkyne (IAA) and
ethynyl benziodoxolone azide (EBX), since PFOA has a carboxyl
group which can interact with reactive thiol groups present in
cysteine. Liver samples from the control and PFOA-treated groups
were pretreated with these two probes (Fig. 3). In gel-based
screening, the probe-labeled proteins were tagged with a Rhodamine group prior to ﬂuorescent analysis. Decreased ﬂuorescence
intensity in IAA or EBX group in the presence of PFOA indicates the
competition of PFOA with the probes. In MS-based method, probelabeled proteins were labeled with biotin-alkyne or biotin-azide,
puriﬁed with streptavidin beads, and then digested into peptides.
Subsequent liquid chromatography-tandem MS (LC-MS/MS) analysis determined intensity changes of each protein with or without
PFOA, which ﬁlters out suspect proteins to be targeted by PFOA.
After suspect proteins were selected via gel- or MS-based competition assays, PRM assays based on LC-MS/MS data were further
used for targeted proteomic analysis and veriﬁcation of target
proteins. Subsequently, in vitro thermal stability assays were
employed to demonstrate the complex interactions by examining
the shift in thermal stability of suspect target proteins with the
presence of PFOA. Finally, in vivo targeted metabolomics analysis
was used for further validation of the affected functions of the
target proteins. In the study by Shao et al. [54], the target binding
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proteins were ﬁnally validated to be two carboxylase isoenzymes
via targeted metabolomics analysis, as the binding of PFOA to these
two enzymes decreased their catalytic products and further interfered with fatty acid metabolism.
4. Conclusions and future perspectives
In this work, we conduct a systematic review of various methodologies for the determination of PFAS-protein binding characteristics and potential mechanisms. Given the variety of methods
used, Table 2 summarizes the advantages and limitations of each
technique. These factors merit careful consideration when choosing
a right method for relevant studies. In most cases, a combination of
different approaches may enable a better characterization of PFASprotein binding.
Available research has mainly focused on PFCAs and PFSAs
(Table 1). However, following the regulations of PFOS and PFOA
usage and increasing environmental surveillance, additional novel
PFAS chemicals have been developed as alternatives or precursors
and were identiﬁed in environmental and biological matrices [55].
As alternatives, these chemicals are often structurally similar to
PFCAs and PFSAs. Although several recent studies have paid
attention to selected isomers and alternatives of PFOA and PFOS
[49,56], possible interactions of emerging PFASs with different
functional proteins warrant future studies for a better understanding of their potential toxicities and health risks. More

Fig. 3. Schematic description of gel-based competition screening and mass spectrometry-based competition assays, slightly modiﬁed from Shao et al. [54].
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Table 2
Main advantages and limitations of different methodologies used to characterize PFAS-protein binding.
Methods

Advantages

Limitations

Equilibrium dialysis
Ultraﬁltration

Simplicity, inexpensive
Simplicity, inexpensive

Size-exclusion chromatography
Isothermal titration calorimetry
Differential scanning calorimetry
Fluorescence spectroscopy
NMR spectroscopy
Circular dichroism spectroscopy
Surface tension measurement

Simplicity,
Thermodynamic information

Long equilibrium time, nonspeciﬁc binding
Nonspeciﬁc binding, stability of binding equilibrium may be changed
during separation process
Low efﬁciency, low protein recovery
High sample consumption, low throughput, highly pure reagent
required
False negatives, not powerful for low-afﬁnity binding, highly pure
reagent required

Conductivity measurement
Mass spectrometry

Simplicity
Simplicity, speed, low sample consumption,
speciﬁcity, selectivity
Real time, speed, kinetics information, low
sample consumption

Surface plasmon resonance

Speed, structure information, kinetics
information, low sample consumption
Simplicity

attention should also be given to the binding between proteins and
metabolic intermediates formed through PFAS biotransformation.
Although these intermediates might be short lived, their interactions with proteins and associated toxic effects should not be
overlooked.
PFAS-protein binding studies have mainly been conducted
in vitro. Relevant techniques used in in vivo experiments (e.g., ED,
SEC, and surface tension) were mostly conventional and relatively
simple (Table 1). More efﬁcient techniques, such as the NMR,
ﬂuorescence, and SPR, are demanded for future interaction studies
in vivo or even in living cells. In addition, direct observation techniques, such as microscopy, have rarely been used in PFAS studies
addressing binding sites [57]. Novel techniques, including in-cell
NMR and cryo electron microscopy, as well as the techniques
used in other ligand-protein studies, may also ﬁnd useful applications in PFAS-protein binding studies [58]. These emerging techniques will greatly beneﬁt a more comprehensive characterization
of PFAS-protein binding and underlying mechanisms.

Acknowledgement
This research was ﬁnancially supported by Guangdong (China)
Innovative and Enterpreneurial Research Team Program (No.
2016ZT06N258), the National Natural Science Foundation of China
(No. 21777059), and China Postdoctoral Science Foundation (No.
2018M633281).

References
[1] Z. Wang, J.C. De Witt, C.P. Higgins, I.T. Cousins, A never-ending story of perand polyﬂuoroalkyl substances (PFASs)? Environ. Sci. Technol. 51 (2017)
2508e2518.
[2] M. Houde, J.W. Martin, R.J. Letcher, K.R. Solomon, D.C.G. Muir, Biological
monitoring of polyﬂuoroalkyl substances: a review, Environ. Sci. Technol. 40
(2006) 3463e3473.
[3] J.M. Jian, Y. Guo, L.X. Zeng, L.Y. Liu, X.W. Lu, F. Wang, E.Y. Zeng, Global distribution of perﬂuorochemicals (PFCs) in potential human exposure source-A
review, Environ. Int. 108 (2017) 51e62.
[4] Y.L. Shi, Y.Q. Cai, Study of per- and polyﬂuoroalkyl substances related environmental problems, Prog. Chem. 26 (2014) 665e681.
[5] M. Houde, A.O. De Silva, D.C.G. Muir, R.J. Letcher, Monitoring of perﬂuorinated
compounds in aquatic biota: an updated review PFCs in aquatic biota, Environ.
Sci. Technol. 45 (2011) 7962e7973.
[6] C. Lau, K. Anitole, C. Hodes, D. Lai, A. Pfahles-Hutchens, J. Seed, Perﬂuoroalkyl
acids: a review of monitoring and toxicological ﬁndings, Toxicol. Sci. 99 (2007)
366e394.
[7] A. Blum, S.A. Balan, M. Scheringer, X. Trier, G. Goldenman, I.T. Cousins,
M. Diamond, T. Fletcher, C. Higgins, A.E. Lindeman, G. Peaslee, P. de Voogt,
Z.Y. Wang, R. Weber, The madrid statement on poly- and perﬂuoroalkyl
substances (PFASs), Environ. Health Perspect. 123 (2015) A107eA111.

Low selectivity, poor sensitivity, unable to measure quantitative
association constants
Low selectivity, unable to measure quantitative association constants
Poor reproducibility, false negatives, risk of disassociation of complexes,
limited structure information
Unable to measure binding stoichiometry, time-consuming method
development

[8] H.N. Bischel, L.A. MacManus-Spencer, R.G. Luthy, Noncovalent interactions of
long-chain perﬂuoroalkyl acids with serum albumin, Environ. Sci. Technol. 44
(2010) 5263e5269.
[9] J.P.V. Heuvel, B.I. Kuslikis, M.J. Van Rafelghem, R.E. Peterson, Tissue distribution, metabolism, and elimination of perﬂuorooctanoic acid in male and female rats, J. Biochem. Toxicol. 6 (1991) 83e92.
[10] Y. Shi, J. Wang, Y. Pan, Y. Cai, Tissue distribution of perﬂuorinated compounds
in farmed freshwater ﬁsh and human exposure by consumption, Environ.
Toxicol. Chem. 31 (2012) 717e723.
[11] L. Ahrens, U. Siebert, R. Ebinghaus, Total body burden and tissue distribution
of polyﬂuorinated compounds in harbor seals (Phoca vitulina) from the
German Bight, Mar. Pollut. Bull. 58 (2009) 520e525.
[12] H. Klevens, E. Ellenbogen, Protein-ﬂuoroacid interaction. Bovines serum
albuminperﬂuoro-octanoic acid, Discuss. Faraday Soc. 18 (1954) 277e288.
[13] E. Ellenbogen, P.H. Maurer, Heat denaturation of serum albumin in presence
of perﬂuorooctanoic acid, Science 124 (1956) 266e267.
[14] G.L. Nordby, J.M. Luck, Perﬂuorooctanoic acid interactions with human serum
albumin, J. Biol. Chem. 219 (1956) 399e404.
[15] W. Guy, Organic Fluorocompounds in Human Plasma: Prevalence and Characterization, American Chemical Society, 1976, pp. 117e134.
[16] X. Zhang, L. Chen, X.C. Fei, Y.S. Ma, H.W. Gao, Binding of PFOS to serum albumin and DNA: insight into the molecular toxicity of perﬂuorochemicals,
BMC Mol. Biol. 10 (2009) 16e27.
[17] Y.Q. Wang, H.M. Zhang, Y.J. Kang, J. Cao, Effects of perﬂuorooctane sulfonate
on the conformation and activity of bovine serum albumin, J. Photochem.
Photobiol., B 159 (2016) 66e73.
[18] D.J. Luebker, K.J. Hansen, N.M. Bass, J.L. Butenhoff, A.M. Seacat, Interactions of
ﬂurochemicals with rat liver fatty acid-binding protein, Toxicology 176 (2002)
175e185.
[19] P.D. Jones, W.Y. Hu, W. De Coen, J.L. Newsted, J.P. Giesy, Binding of perﬂuorinated fatty acids to serum proteins, Environ. Toxicol. Chem. 22 (2003)
2639e2649.
[20] A.A. Rand, S.A. Mabury, Covalent binding of ﬂuorotelomer unsaturated aldehydes (FTUALs) and carboxylic acids (FTUCAs) to proteins, Environ. Sci.
Technol. 47 (2013) 1655e1663.
[21] X. Han, P.M. Hinderliter, T.A. Snow, G.W. Jepson, Binding of perﬂuorooctanoic
acid to rat liver-form and kidney-form alpha 2u-globulins, Drug Chem. Toxicol. 27 (2004) 341e360.
[22] A.A. Rand, S.A. Mabury, Protein Binding Associated with exposure to ﬂuorotelomer alcohols (FTOHs) and polyﬂuoroalkyl phosphate esters (PAPs) in
rats, Environ. Sci. Technol. 48 (2014) 2421e2429.
[23] A.A. Rand, S.A. Mabury, In vitro interactions of biological nucleophiles with
ﬂuorotelomer unsaturated acids and aldehydes: fate and consequences, Environ. Sci. Technol. 46 (2012) 7398e7406.
[24] I.M. Klotz, Physicochemical aspects of drug-protein interactions: a general
perspective, Ann. N. Y. Acad. Sci. 226 (1973) 18e35.
[25] L.L. Wu, H.W. Gao, N.Y. Gao, F.F. Chen, L. Chen, Interaction of perﬂuorooctanoic
acid with human serum albumin, BMC Struct. Biol. 9 (2009) 31e37.
[26] N.J. Waters, R. Jones, G. Williams, B. Sohal, Validation of a rapid equilibrium
dialysis approach for the measurement of plasma protein binding, J. Pharm.
Sci. 97 (2008) 4586e4595.
[27] X. Han, T.A. Snow, R.A. Kemper, G.W. Jepson, Binding of perﬂuorooctanoic acid
to rat and human plasma proteins, Chem. Res. Toxicol. 16 (2003) 775e781.
[28] X. Han, R.A. Kemper, G.W. Jepson, Subcellular distribution and protein binding
of perﬂuorooctanoic acid in rat liver and kidney, Drug Chem. Toxicol. 28
(2005) 197e209.
[29] C. Schwieger, M.H. Ropers, Binding of a perﬂuorinated surfactant to betalactoglobulin in aqueous solutions, Food Hydrocolloids 30 (2013) 241e248.
[30] W.B. Turnbull, A.H. Daranas, On the Value of c: can low afﬁnity systems be
studied by isothermal titration calorimetry? J. Am. Chem. Soc. 125 (2003)
14859e14866.

X. Liu et al. / Trends in Analytical Chemistry 116 (2019) 177e185
[31] L.A. MacManus-Spencer, M.L. Tse, P.C. Hebert, H.N. Bischel, R.G. Luthy, Binding
of perﬂuorocarboxylates to serum albumin: a comparison of analytical
methods, Anal. Chem. 82 (2010) 974e981.
[32] P.V. Messina, G. Prieto, J.M. Ruso, F. Sarmiento, Conformational changes in
human serum albumin induced by sodium perﬂuorooctanoate in aqueous
solutions, J. Phys. Chem. B 109 (2005) 15566e15573.
[33] R.C. Lu, A.N. Cao, L.H. Lai, J.X. Xiao, Interaction between beta-lactoglobulin and
perﬂuorooctanoate surfactants: effect of surfactant counterion, Colloids Surf.,
A 292 (2007) 279e284.
[34] P. Messina, G. Prieto, V. Dodero, J.M. Ruso, P. Schulz, F. Sarmiento, Ultravioletcircular dichroism spectroscopy and potentiometric study of the interaction
between human serum albumin and sodium perﬂuorooctanoate, Biopolymers
79 (2005) 300e309.
lez-Pe
rez, F. Sarmiento, A study of the
[35] G. Prieto, J. Sabín, J.M. Ruso, A. Gonza
interaction between proteins and fully-ﬂuorinated and fully-hydrogenated
surfactants by z-potential measurements, Colloid. Surf. Physicochem. Eng.
Asp. 249 (2004) 51e55.
rez, J.M. Ruso, F. Sarmiento, Effects of ﬂuo[36] J. Sabín, G. Prieto, A. Gonz
alez-Pe
rinated and hydrogenated surfactants on human serum albumin at different
pHs, Biomacromolecules 7 (2006) 176e182.
[37] E. Blanco, J.M. Ruso, G. Prieto, F. Sarmiento, Electrophoretic and spectroscopic
characterization of the protein patterns formed in different surfactant solutions, Int. J. Biol. Macromol. 42 (2008) 22e26.
[38] Y.M. Chen, L.H. Guo, Fluorescence study on site-speciﬁc binding of perﬂuoroalkyl acids to human serum albumin, Arch. Toxicol. 83 (2009) 255e261.
[39] Y.Q. Wang, H.M. Zhang, Y.J. Kang, Z.H. Fei, J. Cao, The interaction of perﬂuorooctane sulfonate with hemoglobin: inﬂuence on protein stability, Chem.
Biol. Interact. 254 (2016) 1e10.
[40] P.C. Hebert, L.A. MacManus-Spencer, Development of a ﬂuorescence model for
the binding of medium- to long-chain perﬂuoroalkyl acids to human serum
albumin through a mechanistic evaluation of spectroscopic evidence, Anal.
Chem. 82 (2010) 6463e6471.
[41] L.Y. Zhang, X.M. Ren, L.H. Guo, Structure-based investigation on the interaction of perﬂuorinated compounds with human liver fatty acid binding protein,
Environ. Sci. Technol. 47 (2013) 11293e11301.
[42] P.F. Qin, R.T. Liu, Y. Teng, Perﬂuorodecanoic acid binding to hemoproteins:
new insights from spectroscopic studies, J. Agric. Food Chem. 59 (2011)
3246e3252.
[43] C. Bertucci, E. Domenici, Reversible and covalent binding of drugs to human
serum albumin: methodological approaches and physiological relevance,
Curr. Med. Chem. 9 (2002) 1463e1481.
[44] Z. Jin, M. Chi, Q. He, Y. Pan, C. Sun, Perﬂuoroalkane sulfonyl ﬂuorides noncovalently bind to human serum albumin at Sudlow's sites, Toxicol. Lett.
301 (2019) 17e23.
[45] Q. Chi, Z. Li, J. Huang, J. Ma, X. Wang, Interactions of perﬂuorooctanoic acid
and perﬂuorooctanesulfonic acid with serum albumins by native mass

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

185

spectrometry, ﬂuorescence and molecular docking, Chemosphere 198 (2018)
442e449.
A. van der Kerk-van Hoof, A.J. Heck, Covalent and non-covalent dissociations
of gas-phase complexes of avoparcin and bacterial receptor mimicking precursor peptides studied by collisionally activated decomposition mass spectrometry, J. Mass Spectrom. 34 (1999) 813e819.
S. Zhang, C.K. Van Pelt, D.B. Wilson, Quantitative determination of noncovalent binding interactions using automated nanoelectrospray mass spectrometry, Anal. Chem. 75 (2003) 3010e3018.
Y. Gao, X.X. Li, L.H. Guo, Assessment of estrogenic activity of perﬂuoroalkyl
acids based on ligand-induced conformation state of human estrogen receptor, Environ. Sci. Technol. 47 (2013) 634e641.
Y. Xin, X.M. Ren, T. Ruan, C.H. Li, L.H. Guo, G. Jiang, Chlorinated polyﬂuoroalkylether sulfonates exhibit similar binding potency and activity to
thyroid hormone transport proteins and nuclear receptors as perﬂuorooctanesulfonate, Environ. Sci. Technol. 52 (2018) 9412e9418.
X.M. Ren, W.P. Qin, L.Y. Cao, J. Zhang, Y. Yang, B. Wan, L.H. Guo, Binding interactions of perﬂuoroalkyl substances with thyroid hormone transport proteins and potential toxicological implications, Toxicology 366 (2016) 32e42.
X.Y. Meng, H.X. Zhang, M. Mezei, M. Cui, Molecular Docking: a powerful
approach for structure-based drug discovery, Curr. Comput Aided Drug 7
(2011) 146e157.
A.D. Benninghoff, W.H. Bisson, D.C. Koch, D.J. Ehresman, S.K. Kolluri,
D.E. William, Estrogen-like activity of perﬂuoroalkyl acids in vivo and interaction with human and rainbow trout estrogen receptors in vitro, Toxicol. Sci.
120 (2011) 42e58.
J.C. D'eon, A.J. Simpson, R. Kumar, A.J. Baer, S.A. Mabury, Determining the
molecular interactions of perﬂuorinated carboxylic acids with human sera
and isolated human serum albumin using nuclear magnetic resonance spectroscopy, Environ. Toxicol. Chem. 29 (2010) 1678e1688.
X. Shao, F. Ji, Y. Wang, L. Zhu, Z. Zhang, X. Du, A.C.K. Chung, Y. Hong, Q. Zhao,
Z. Cai, Integrative chemical proteomics-metabolomics approach reveals acaca/
acacb as direct molecular targets of PFOA, Anal. Chem. 90 (2018) 11092e11098.
T. Ruan, G.B. Jiang, Analytical methodology for identiﬁcation of novel per- and
polyﬂuoroalkyl substances in the environment, Trac. Trends Anal. Chem. 95
(2017) 122e131.
S. Beesoon, J.W. Martin, Isomer-speciﬁc binding afﬁnity of perﬂuorooctanesulfonate (PFOS) and perﬂuorooctanoate (PFOA) to serum proteins, Environ. Sci. Technol. 49 (2015) 5722e5731.
A. Riu, A. le Maire, M. Grimaldi, M. Audebert, A. Hillenweck, W. Bourguet,
P. Balaguer, D. Zalko, Characterization of novel ligands of ERalpha, Erbeta, and
PPARgamma: the case of halogenated bisphenol A and their conjugated metabolites, Toxicol. Sci. 122 (2011) 372e382.
J.J. Xie, R. Thapa, S. Reverdatto, D.S. Burz, A. Shekhtman, Screening of small
molecule interactor library by using in-cell nmr spectroscopy (SMILI-NMR),
J. Med. Chem. 52 (2009) 3516e3522.

