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Abstract: Per- and polyfluoroalkyl substances (PFAS) are often 

considered the quintessential example of industrial chemical pollution 

– they are toxic and ubiquitous environmental contaminants that are 

extremely difficult to degrade. There has been a large research focus 

on the development of effective and renewable degradation 

technologies. In comparison to traditional pollutant degradation 

techniques, such as advanced oxidation processes and 

electrochemistry, degradation of PFAS using extracellular enzymes 

offers an eco-friendly solution as enzymes are biodegradable, 

recyclable and have low energy and chemical requirements. This 

review outlines the current understanding of extracellular enzymatic 

degradation of PFAS with a focus on reported results and proposed 

degradation mechanisms. More importantly, this review highlights 

limitations that hinder the application of enzymes for PFAS 

degradation and proposes critical future research that is needed to 

improve the applicability of this promising remediation strategy. 

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are synthetic organic 

substances that are characterized by a carbon chain that is either 

partially (poly-) or fully (per-) fluorinated.[1] The strength of the 

carbon-fluorine (C-F) bond, which is recognized as the shortest 

and strongest covalent bond, gives PFAS unique chemical 

characteristics.[2] The C-F bond is responsible for the high 

stability, and high lipo- and hydrophobicity of PFAS, rendering 

them repellant to water and oil.[3] As a result, PFAS have been 

extensively used in a variety of manufacturing processes and 

consumer products, notably non-stick cookware (e.g., Teflon™), 

fire-fighting foams, food packaging, clothing, and paints.[3] The 

two most studied PFAS are perfluorooctanoic acid (PFOA) and 

perfluorooctane sulfonic acid (PFOS). However, their use is being 

phased out, and novel replacement compounds, such as 

hexafluoropropylene oxide dimer acid (GenX) and 

perfluoroethylcyclohexane sulfonate (PFECHS), are now being 

found within the environment.[4] 

Due to their prolific use and high stability, PFAS have become 

ubiquitous and persistent environmental contaminants,[5] detected 

in  water systems (including drinking water),[6] sediment,[7] soil,[8] 

and air.[9] In addition, many PFAS are highly mobile in both air and 

water, meaning they can be dispersed far from their original 

source and can contaminate even remote areas.[10] The mobility 

and degradation resistance of PFAS results in environmental 

concentrations increasing over time.[11] From environmental and 

industrial sources human exposure to PFAS is nearly 

unavoidable: PFAS has been measured in the blood of nearly 

entire populations of developed countries.[12] Furthermore, PFAS 

can bind to blood lipoproteins, notably human serum albumin,[13] 

resulting in extended presence of  many PFAS in human blood for 

several years.[14] This also makes many PFAS bio-accumulative, 

and enables them to biomagnify, meaning they increase in 

concentration from lower to higher trophic levels.[15] Human and 

wildlife exposure to PFAS is alarming - even low-level 

concentrations have been associated with cancers,[16] increased 

risk of obesity,[17] and altered hormone function leading to birth 

defects and reduced reproductive capacity.[18]  

1.1 PFAS Classification 

The PFAS family is broad, representing over 4,000 

compounds.[19] PFAS classification can be split into polymers and 

non-polymers.[1] Of the non-polymer PFAS, perfluoroalkyl 

substances occupy a large presence in current literature. These 

compounds are characterized by a fully fluorinated carbon chain, 

except for carbons within functional groups. Perfluoroalkyl 

substances include but are not limited to perfluoroalkyl carboxylic 

acids (PFCAs) [e.g., PFOA], perfluoroalkyl ether carboxylic acids 

(PFECAs) [e.g., GenX] and perfluoroalkyl sulfonic acids (PFSAs) 

[e.g., PFOS, PFECHS]. The other category of non-polymer PFAS 

comprises polyfluoroalkyl substances, instead characterized by 

partial fluorination of non-functional group carbons. 

Polyfluoroalkyl substances include the fluorotelomer substances, 

fluorotelomer carboxylic acids (n:2 FTCAs), fluorotelomer sulfonic 

acids (n:2 FTSs) and fluorotelomer alcohols (n:2 FTOHs). 

Fluoropolymers are the main category of PFAS polymers, and 

includes polytetrafluoroethylene (PTFE) [e.g., Teflon™], and 

polyvinylidene fluoride (PVDF). This classification is summarized 

in Figure 1, and does not encompass all categories of PFAS, but 

only those referenced in the context of this review.  

1.2 PFOA & PFOS: Representative PFAS 

A common criticism is the disproportionate research focus on the 

degradation of PFOA and PFOS with the assumption that findings 

can be extrapolated across all PFAS molecules.[20] This is a valid 

argument as PFAS are highly diverse and variations in 

hydrophobicity, bioavailability and degradation susceptibility 

within the class can significantly influence the efficacy of proposed 

degradation strategies between compounds.[21]  

The use of PFOA and PFOS has been restricted over the past 

two decades, and thus are considered as ‘legacy’ PFAS 

compounds.[22] However, this does not render them 

environmentally irrelevant or inconsequential, in fact they tend to 

be detected at higher concentrations than their introduced 

replacement compounds in the environment.[23] A key reason is 

that a prevalent environmental fate of many PFAS precursors, 

particularly fluorotelomers, is their conversion to PFCAs and 

PFSAs through aerobic microbial metabolism.[24] Extensive 

studies have characterized the aerobic biodegradation pathway
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Figure 1. Classification of per- and polyfluoroalkyl substances (PFAS) compounds. This does not include all PFAS classifications, only 

those that are mentioned in this review.  

 

of 6:2 FTOH, 8:2 FTOH, as well as 6:2 FTSA and 6:2 FTCA, which 

primarily yield fully fluorinated products like PFOA and PFOS.[25-

27] Notably, biodegradation products can also yield PFAS with 

different functional groups compared to their precursors: n-Ethyl 

perfluorooctanesulfonamidoethanol (EtFOSE), a sulfonamide, 

transforms to PFOS, a sulfonic acid, as a terminal metabolite.[28] 

Furthermore, other natural abiotic processes, including 

photochemical degradation and atmospheric transformation, 

contribute to increases in PFCA formation from precursor 

transformation.[29-30] Consequently, OECD estimates about one 

thousand PFAS will naturally degrade to PFCAs in the 

environment.[31] 

Another key reason contributing to the elevated environmental 

levels of PFCA and PFSA is their exceptional chemical stability 

compared to the fluorotelomer based PFAS: the C-F bond exhibits 

enhanced stability when multiple C-F bonds are adjacently 

present in fully fluorinated chains.[31-32] For this reason, PFCAs 

and PFSAs exhibit the most environmental persistence and 

degradation resistance. It is reasonable to rationalize that 

degradation techniques proven effective for these highly stable 

PFAS, are likely to be applicable for the remediation of other 

PFAS compounds with relatively lower thermodynamic stability, 

albeit with minor adjustments to treatment conditions.   

 

2. PFAS Degradation: Non-Enzymatic 
Approaches 

2.1. Non-biological PFAS Treatment Methods  

The most established treatment options for PFAS is physical 

removal using granular activated carbon,[34] reverse osmosis,[35] 

and foam fractionation.[36] While removal treatments do not 

address target PFAS degradation, they provide an opportunity to 

concentrate PFAS prior to destructive technologies. Various 

wastewater treatment plants currently employ advanced oxidation 

processes (AOPs) for the treatment of other environmental 

contaminants.[37] AOPs generate highly reactive oxidizing 

radicals, such as hydroxyl (•OH) or superoxide radicals (O2•-), to 

initiate pollutant degradation. Initial research into PFAS 

degradation AOPs was promising, however efficacy of these 

techniques specifically targeting PFAS is currently disputed.[38-39] 

Additionally, some waste-water treatment plants employing AOPs 

observed detectable increase of targeted PFAS, including PFOA 

and PFOS, from inflow to outflow, implying AOP induced 

transformation of PFAS precursors.[40] Other PFAS degradation 

pathways include incineration,[41] and electrochemistry;[42] 

however, they are limited by their intensive energy consumption, 

lack of specificity, high cost, and potential for producing toxic by-

products.   
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2.2. Limitations of Microbial PFAS Degradation 

Biological treatment strategies, utilizing microbes or enzymes to 

degrade PFAS, are emerging as promising and sustainable 

alternatives to traditional physicochemical methods. Enzymatic 

systems offer several key advantages: lower energy and chemical 

requirements,[43] recyclability of the enzymes, and natural 

degradation into harmless amino acids.[44] For these reasons, 

enzymatically catalyzed techniques are currently employed 

industrially to degrade various non-PFAS contaminants, including 

industrial organic dyes, heavy metals, plastics, and pesticides.[45]  

While microbial degradation may seem the optimal approach for 

efficient biodegradation, with optimized intracellular techniques 

and diverse array of enzymes, its application to PFAS degradation 

has been limited. Only a handful of instances of microbial 

degradation of PFAS have been documented, and the process is 

notably slow.[46-47] The challenge of microbial degradation largely 

arises from biology’s historical avoidance of fluorine.[48] While 

fluorine is abundantly available in the Earth’s crust, surpassing 

the prevalence of even nitrogen and phosphorus,[49] natural 

occurrences of fluorinated substances are rare. Only a dozen 

monofluorinated natural products have been documented, and 

fully fluorinated products appear to be non-existent in biological 

processes within nature.[50]  

The paucity of biological fluorine can be attributed to the 

thermodynamic stability of the C-F bond, which provides no 

energetic benefit when reduced.[51] Instead, the high bond 

dissociation energy involved may result in net energy drain on 

cellular resources.[52] Further, C-F reduction would likely yield 

fluoride, and the intracellular toxicity of fluoride to bacteria is well 

documented.[53] Fluoride can inhibit several essential enzymes 

including those used in glycolysis, respiration, and energy 

production pathways.[54] Thus, through evolutionary selective 

pressure, bacteria have developed processes to avoid and resist 

fluoride exposure, rather than evolving degradative pathways for 

fluorinated compounds that could produce fluoride.[55-56] Another 

key factor restricting intracellular degradation of PFAS is their 

limited bioavailability and cellular uptake, stemming from the 

hydrophobic and surfactant like nature of these compounds.[57] 

For these reasons, using extracellular enzymes emerges as a 

promising approach – they tend to exhibit higher efficiency and 

could circumvent the bioavailability constraints that limit microbial 

degradation efforts.[58] 

2.3. Direct Enzymatic C-F Bond Cleavage: Fluoroacetate 

Dehalogenase 

Fluoroacetate dehalogenase (FAcD) is a bacterial enzyme 

capable of breaking the C-F bond in the monofluorinated 

compound fluoroacetate.[59] Fluoroacetate is a naturally occurring 

toxin produced by certain plants and gram-positive bacteria as a 

chemical defense mechanism against mammals.[60] The 

degradation of fluoroacetate by FAcD produces glycolic acid. [61] 

While the direct cleavage of the C-F bond is energetically taxing, 

the subsequent metabolism of glycolic acid provides sufficient 

metabolic energy to sustain the growth of FAcD-expressing 

microbes.[62] The defluorination reaction proceeds through a 

nucleophilic substitution (SN2) mechanism, where the carboxylate 

anion of the aspartate group acting as a nucleophile (Figure 2).[63] 

Fluorine is recognized as a notoriously poor leaving group due to 

the strength of the C-F bond, however the ‘halide pocket’ triad 

containing tryptophan, tyrosine and histidine provide hydrogen 

bonding and electrostatic interactions to facilitate release of 

fluoride.[64] Substitution of any of these auxiliary amino acids 

results in loss of activity of FAcD towards fluoroacetate.[65] 

Following fluoride release, the ester-enzyme intermediate is 
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readily hydrolyzed by water, resulting in the production of glycolic 

acid.[66] This step is similarly stabilized by auxiliary aspartate and 

histidine residues within the FAcD active site.   

Unfortunately, applying FAcD to PFAS is restricted by inherent 

limitations of the SN2 mechanism. The nucleophilic attack of the 

carboxylate anion is sterically hindered when there are multiple 

fluorine substitutions at the site of attack.[67] Further, the bond 

strength of C-F increases when adjacent C-F bonds are 

present.[33] As such, di- and trifluoroacetate were unreactive in 

microbial wastewater studies despite measurable decreases in 

fluoroacetate.[68] There is evidence that FAcD is capable of 

degrading other monofluorinated species as well but has not yet 

shown potential in interacting with secondary substituted 

carbons.[69] 

Selective pressure to detoxify fluoroacetate likely drove the 

development of a specific enzyme, FAcD, capable of 

defluorination in affected organisms. However, this evolutionary 

pressure is relatively rare, as only around a dozen known 

fluorinated natural products have been discovered to date.[50] This 

likely limits the presence of naturally occurring enzymes capable 

of efficiently breaking one C-F bond, let alone those that can 

completely defluorinate fully fluorinated chemicals engineered for 

the purpose of being stable. Given these hurdles, it is unlikely we 

will discover natural enzymes that have potential to be used in 

degradation of PFAS. Overcoming these hurdles would likely 

require engineering enzymes specifically designed for this 

purpose.[63]  

Several other enzymes have demonstrated the ability to catalyze 

the direct cleavage of C-F bonds in various fluorinated 

compounds. Evidence suggests that aromatic C-F cleavage has 

been achieved by 4-fluorobenzoate dehalogenase, 4-

fluorophenol monooxygenase, and peroxygenase-like LmB2.[70] 

Further, recombinant Pseudomonas putida was engineered to 

express a defluorinase enzyme from Deltia acidovorans, which 

allowed the metabolism of several unnatural monofluorinated 

compounds.[71] However, in comparison to FAcD the mechanism 

of cleavage and characterization of these enzymes are poorly 

understood and requires further development. 

3. Enzymatic Degradation of PFAS 

Recent studies have reported promising findings that indicate that 

several extracellular enzymes may facilitate the degradation of 

PFOA or PFOS, with the results of these studies summarized in 

Table 1.[72-78] These enzymes, which fall under the broader 

category of ligninolytic enzymes, include laccases, and several 

peroxidases, such as horseradish peroxidase (HRP), lignin 

peroxidase (LiP) and manganese peroxidase (MnP).[79] 

Ligninolytic enzymes are produced by wood-rotting fungi and are 

excreted extracellularly to catalyze the breakdown of lignin, which 

is an extremely stable plant polymer used as a major structural 

component of cell walls in wood and bark.[80] Interestingly, lignin 

is extremely resistant to microbial degradation.[81] Ligninolytic 

enzymes catalyze the oxidation of lignin to produce carbon 

dioxide and small organic acids that are used as carbon sources 

in its metabolic cycle. The oxidative capacity of ligninolytic 

enzymes have been identified as a promising approach to 

bioremediation of various environmental contaminants beyond 

PFAS, including polyaromatic hydrocarbons,[82] endocrine 

disrupting chemicals,[83] polychlorinated compounds, and other 

polymers.[84] Given these results, it is unsurprising that the 

degradation of PFAS has been investigated. Colosi and co-

authors first documented the degradation of PFAS using 

ligninolytic enzymes, specifically reporting 68% transformation of 

PFOA when in the presence of an organic substrate 4-

methoxyphenol.[72] The results of this study will be discussed in 

detail later in this review.  

Evidence suggests that ligninolytic enzymes cannot directly 

interact with PFOA or PFOS. Consequently, the reported 

degradation pathways proceed through indirect degradation of 

PFAS, via the generation of reactive free radicals through the 

interaction of the enzyme with an aromatic mediator substrate. To 

be clear, this is distinct from the mechanistic approach proposed 

in remediation efforts against aromatic pollutants. In such cases, 

ligninolytic enzyme induced detoxification involves direct 

oxidation of pollutants into free radicals, which can subsequently 

couple, polymerize, and precipitate from solution.[85] 

Figure 2. Proposed 2-step defluorination pathway of fluoroacetate catalyzed by fluoroacetate dehalogenase (FAcD).[62] In the first step, an SN2 reaction proceeds 

with an aspartate functioning as a nucleophile, resulting in the loss of the fluoride and formation of the enzyme-glycolyl intermediate. The loss of fluoride is stabilized 

by the presence of tyrosine, histidine and tryptophan auxiliary amino acids. In the second step, water hydrolyses the intermediate with stabilization from auxiliary 

histidine and aspartate groups, resulting in formation of glycolic acid.  
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3.1. Peroxidases 

Peroxidases catalyze the oxidation of various substrates, such as 

aromatic compounds, by reducing hydrogen peroxide or other 

peroxides.[86] Peroxidases are widely distributed throughout 

nature, and are produced by a variety of sources, including 

microbes, plants and animals.[87] In terms of peroxidases studied 

for PFAS degradation, horseradish peroxidase (HRP) is derived 

from horseradish plants, while lignin peroxidase (LiP) and 

manganese peroxidase (MnP) are found in wood-rotting fungi. 

Peroxidases exhibit remarkable diversity, including heme-

containing peroxidases (e.g., HRP and LiP), non-heme 

peroxidases (e.g., MnP), and thiol peroxidases. Microbes excrete 

peroxidases extracellularly for various purposes, including to 

decompose complex organic polymers, such as lignin, or to 

detoxify reactive oxygen species, such as H2O2, to less harmful 

molecules.[88] 

The peroxidase family share a catalytic cycle (Figure 3).[89] Upon 

reduction of hydrogen peroxide, the enzyme is oxidized from its 

ground state and forms to a radical cation intermediate. Here, the 

radical will be transferred onto the aromatic substrate, generating 

the reactive radical species, and concurrently reducing the 

enzyme. In the final step, the enzyme returns to the ground state 

when oxidizing a second aromatic substrate, generating another 

reactive radical species. In the proposed mechanisms discussed, 

the generated radical species will directly interact with PFOA or 

PFOS to facilitate their degradation.  

Figure 3. Catalytic cycle of heme containing peroxidases with mediator (e.g.4-

methoxyphenol) that produces the reactive organic radical.[89] The catalytic 

cycle begins with peroxides acting as electron acceptors. This generates a 

radical cation enzyme intermediate. The radical cation then transfers the radical 

to the organic mediator and generates a reactive radical. The enzyme is then 

able to react with another organic mediator to generate a second reactive radical 

and the enzyme returns to the ground state.  

Colosi et al. (2009) were the first to report the potential of free 

enzymes in degrading PFOA.[72] They used HRP, hydrogen 

peroxide and 4-methoxypehnol as an organic mediator, resulting 

in the 68% transformation of PFOA over a 6-hour period. To date, 

this is the largest reported depletion of parent PFAS achieved in 

a relatively short 6-hour time course. However, the fluoride ion 

concentration only increased to 2.0 mg/ml, representing less than 

1% defluorination efficiency. Gas chromatography mass 

spectrometry (GC-MS) identified several fully fluorinated by-

products, including alkenes and cyclic products, which are even 

more environmentally persistent than PFOA.[90] The enhanced 

stability of a fully fluorinated product is attributed to the absence 

of functional groups, like carboxylic acids or sulfonate groups, 

which typically provide a vulnerable point for degradation.[91] 

Colosi et al. proposed that methoxy radical generated by the HRP 

catalyzed oxidation of 4-methoxyphenol initiates a 

decarboxylation of PFOA and subsequent formation of C8F15• 

(Figure 4). The decarboxylation and radical formation step are 

proposed in all subsequent papers, though do differ in how this 

radical proceeds. 

Figure 4. Proposed decarboxylation pathway to initiate PFOA degradation. The 

organic radical (e.g., 4-methoxyphenol) abstracts an electron from the PFOA 

carboxylate anion, generating an oxygen centered radical. This rapidly leads to 

loss of CO2 and the formation of the C8F15• radical. This mechanism is 

commonly proposed for extracellular PFAS degradation, with variations in the 

organic radical species.   

Based on the limited data available in literature, we suggest the 

use of peroxidase to degrade PFOA warrants further critical 

evaluation, and the results should be interpreted cautiously. 

Supplementary degradation routes beyond enzymatic processes 

may exist, or some of the observed reduction could be attributed 

to physical removal rather than true chemical degradation. For 

instance, high performance liquid chromatography equipped with 

an ultraviolet detector (UV-HPLC) is not an optimal choice for 

PFOA analysis. PFOA exhibits very low UV absorbance, resulting 

in poor sensitivity and making it challenging to accurately quantify 

PFOA concentrations.[92] Additionally, PFOA has demonstrated 

an ability to undergo photodegradation when exposed to UV light 

in presence of H2O2 and Fe(III), reagents that are present in 

Colosi et al.’s study.[93] Under these conditions 80% of PFOA was 

degraded within just 3 hours. This raises the concern that UV-

induced degradation pathways could contribute to artificial loss of 

PFOA during analysis. A more appropriate analytical method 

would be liquid chromatography mass spectrometry (LC-MS), 

which is preferred for sensitive and accurate analysis of PFOA 

and other perfluorinated compounds.[94] Secondly, the potential of 

sorption processes contributing measurement artifacts in free 

enzyme degradation will be discussed later in this review but is 

relevant to consider when analyzing the results of this study.  

Further, despite reporting the highest degradation efficiency 

amongst enzymatic approaches, this result has not been 

replicated. In fact, only subsequent study has used HRP for PFOA 

degradation, reporting 20% degradation over two hours.[74] The 

absence of additional research corroborating the high PFAS 

transformation efficiency of HRP suggests potential challenges in 

reliably reproducing these initial findings.  

In addition to HRP, other peroxidases LiP and MnP have also 

been investigated for their potential to degrade PFOA.[73-74, 95] 

However, the results of these studies are less promising (Table 

1). For example, while 54% increase in fluoride ions was 

measured when PFOA was treated with LiP and MnP over 10 

days, this accounted for less than 1% defluorination efficiency and 

direct PFOA concentrations were not measured.[73] 
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Table 1: Summary of current results regarding extracellular enzymatic degradation.   Abbreviations: PFAS, per- and polyfluoroalkyl substance; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonate; HRP, Horseradish Peroxidase; 

LiP, Lignin Peroxidase; MnP, Manganese Peroxidase; HBT, 1-hydroxybenzotriazole; NP, not provided in study; N/A, not applicable.  

PFAS Compound Enzyme Mediator Conditions Results 

Identity Concentration 
Analytical 

technique 
Identity Activity Source Identity Concentration 

Reaction 

Time 

pH & 

Temperature 
Medium Other 

Parent 

Compound 

Disappearance 

Efficiency  

Defluorination 

Efficiency 
Notes Reference 

PFOA 850 µM 
UV-

HPLC 
HRP 

0.015 

U/mL 

Armoracia 

rusticana 

4-

methoxyphenol 
200 µM 6 h 

pH 7, room 

temperature 
Aqueous 

Phosphate 

buffer, 750 

µM H2O2 

68% <1%  [72] 

PFOA 500 mg/L NP 
LiP & 

MnP 
NP 

Phanerochaete 

chrysosporium 
N/A N/A 10 d NP Aqueous N/A N/A <1% 

PFOA not 
measured 

[73] 

PFOA 24 µM 
LC-

MS/MS 
HRP 

0.1 

U/mL 

Armoracia 

rusticana 

4-

methoxyphenol 
210 µM 2 h 

pH NP, 

Room 

temperature 

Aqueous 
150 µM 

H2O2 
20% N/A 

Comparis
on study, 
only best 
results for 
each 
enzyme 
shown 

[74] PFOA 1 µM 
LC-

MS/MS 
Laccase 

10 

U/mL 
NP 

4-

methoxyphenol 
200 µM 120 h 

pH NP, 

Room 

temperature 

Aqueous N/A 30% N/A 

PFOA 30 µM 
LC-

MS/MS 
LiP 

0.005 

U/mL 
NP 

Veratryl 

alcohol 
200 µM 1 h 

pH NP, 

Room 

temperature 

Aqueous 
100 µM 

H2O2 
23% N/A 

PFOA 1 µM 
LC-

MS/MS 
Laccase 1 U/mL 

Pleurotus 

ostreatus 
HBT 20 µM 137 d pH 4.5, 22˚C Aqueous 

Mineral 

buffer 
50% 28% 

Laccase 
(1U/mL) 
& HBT 
(20 µM) 
redosed 
every 6 
days 

[75] 

PFOA 100 µM 
LC-

MS/MS 
Laccase 1 U/mL 

Pleurotus 

ostreatus 
HBT 20 µM 156 d pH 4.5, 22˚C Aqueous 

Mineral 

buffer 
47% N/A [76] 

PFOS 1 µM 
LC-

MS/MS 
Laccase 1 U/mL 

Pleurotus 

ostreatus 
HBT 20 µM 162 d pH 4.9, 22˚C Aqueous 

10 mM 

Cu2+ 
59% 31% [77] 

PFOA 1 µM 
LC-

MS/MS 
Laccase 1 U/mL 

Pleurotus 

ostreatus 
HBT 20 µM 36 d pH NP, 22˚C Aqueous 

20g 

soybean 

meal 

extract 

29% N/A 

[78] 

PFOA 0.5 µg/g 
LC-

MS/MS 
Laccase 60 U 

Pycnoporus sp. 

SYBC-L3 
N/A N/A 140 d NP 

Soil 

Slurry 

50mg 

soybean 

meal  

40% N/A  
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3.2. Laccase 

Laccases are versatile multi-copper oxidase enzymes, capable of 

catalyzing the oxidation of a broad range of substrates, including 

phenolic and non-phenolic species.[96] Laccase are found in fungi, 

bacteria, plants, and insects, where they perform a variety of 

biological functions, including the degradation of lignin.[88] Unlike 

peroxidases that use peroxides as electron acceptors, laccase 

couple the oxidation of substrates with the four-electron reduction 

of O2, producing water as the only by-product. This has made 

them attractive for various industrial environmental practices, 

including as biocatalysts for remediation of industrial dyes, [97] 

aromatic organic pollutants,[98] and herbicides.[99] Notably, fungal 

laccases tend to have a higher redox potential than plant or 

bacterial laccase, making them more popular in industrial and 

bioremediation applications.[100]  

Laccase typically has four copper atoms at its active site, at a 

resting state of Cu(II).[96] The catalytic cycle of laccase involves 

one electron oxidations of four substrate molecules, producing 

four active radical species (Figure 5). These substrate derived 

radical species are proposed to interact with and initiate the 

degradation of PFOA and PFOS (Figure 4).[73, 74-78] Concurrently, 

the four-electron reduction of oxygen to water allows the 

regeneration of the oxidation state of laccase and continuation of 

the catalytic cycle. 

Figure 5. Catalytic cycle of laccase with mediator (e.g., 4-methoxyphenol) that 

produces the reactive organic radical.[96] The mediator oxidation is a one 

electron process that converts one laccase Cu(I) to Cu(II), four of these 

reactions are coupled with a four-electron reduction of molecular oxygen to 

water.    

The potential of laccase to degrade both PFOA and PFOS has 

been reported.[73-78] Of these results, the most promising was the 

transformation of 59% of PFOS with a defluorination efficiency of 

31% over a 162-day period, using 1-hydroxybenzotriazole as a 

mediator.[77] The closer alignment between transformation and 

defluorination efficiency in this case lends more credibility and 

applicability to the findings.  

Importantly, findings indicated that degradation of PFOA and 

PFOS could be further optimized by incorporating cationic 

metals.[76-77] The proposed mechanism is that the positively 

charged metals can form ionic associations with both the 

negatively charged PFOA and laccase enzyme. This ionic ‘bridge’ 

shortens the distance between the species, thus increasing the 

likelihood of the HBT radical reacting with and degrading PFOA. 

Specifically, PFOA degradation was boosted by the inclusion of 

Cu2+ and Fe3+, while PFOS degradation was improved by the 

presence of Mg2+ and Cu2+.[76-77] Remarkably, Fe3+ does not form 

complexes with PFOS, and Mg2+ does not form complexes with 

PFOA, underscoring the importance of the specific metal cation 

involved.[76-77] It is important to note that the presence of Fe3+ ions 

inhibited the laccase-induced removal of bisphenol A (BPA), 

suggesting that metal ions should be avoided in polymerization-

based removal of pollutants.[101]  

Laccase offers several advantages over the use of peroxidases. 

Firstly, the use of oxygen as an electron acceptor allows these 

systems to occur naturally within the environment, without an 

external source of peroxides. Thus, laccase degradation 

reactions do not need to be replenished as frequently as those 

using peroxidases. Secondly, laccase can retain its catalytic 

activity for days, while inactivation of peroxidases occurs on the 

scale of hours.[101] Further, laccase exhibits high salt tolerance, 

maintaining stability at concentrations as high as 1.0 M NaCl, with 

the salt potentially even aiding in laccase solubility.[97] Considering 

seawater typically contains approximately 0.5 M NaCl, laccase 

degradation systems could prove effective in marine 

environments. Thirdly, laccase has demonstrated a capacity to 

degrade PFOA without the addition of an organic mediator, and 

can instead use phenolic organic matter naturally present in 

soils.[78] This means that laccase could potentially degrade PFAS 

in environmental samples without the need for chemical additives, 

and these degradative pathways may already be occurring 

naturally. For these reasons, it is not surprising that researchers 

have primarily chosen to study laccase rather than peroxidases 

for the remediation of PFAS-contaminated environments.  

4. Challenges of Enzymatic Degradation of 
PFAS 

Despite the potential of extracellular enzymatic degradation for 

PFAS remediation, there are several uncertainties within the 

existing literature that call for further investigation before practical 

implementation is considered. This section will offer insight into 

some of these uncertainties particularly concerns regarding 

potential PFAS sorption processes, proposed degradative 

mechanisms, identification of degradation by-products, and 

deactivation conditions of enzymes.  

4.1. Sorption Processes  

A recent study demonstrated that a proportion of observed 

decreases in PFAS concentrations during enzymatic degradation 

studies might be attributed to experimental artifacts caused by 

PFAS sorption onto the enzymes, rather than true 

degradation.[102] Steffens et al. examined a laccase-mediator 

degradation for both PFOA and PFOS over 96 hours. Initially, 

after 24 hours, they observed a reduction of 13% reduction in 

PFOA and a 20% reduction in PFOS. However, upon extracting 

the reactions with basic methanol after 96 hours, there was no 

significant decrease in PFOA and PFOS mass. The authors 

propose that the absence of significant degradation over time 

could be attributed to the PFAS-enzyme sorption. Notably, 

substantial sorption of PFOA only occurred in the presence of the 

mediator, HBT, suggesting mediators can alter the protein surface 

structure upon oxidation, thereby facilitating PFOA adsorption. 

This observation may elucidate why controls from prior 

degradation experiments, where PFAS reduction did not occur in 

the absence of both enzyme and mediator, did not detect this 

phenomenon. Further, under conditions where the system 



REVIEW          

9 

 

effectively degraded a proxy compound carbamazepine (CBZ), 

no significant PFOA removal was observed. This indicates the 

system could generate the radical species proposed to be 

responsible for PFAS degradation.  

Sorption of PFAS to proteins is a well-documented phenomenon. 

Serum albumin, including human serum albumin (HSA), contains 

multiple non-specific binding sites that can selectively bind PFAS 

compounds.[103] This suggests that large proteins, like laccase 

and peroxidases, likely hold potential sites for PFAS sorption. 

Additionally, hemp proteins demonstrated a remarkable capacity 

to remove 98% of PFOS from contaminated wastewater.[104] 

Given the strong binding affinity between PFAS and various 

proteins, PFAS-enzyme binding needs to be considered in future 

enzymatic degradation studies. 

Likewise, it is essential to consider PFAS sorption when choosing 

experimental glassware. Both PFOA and PFOS have 

demonstrated the potential, up to 50% loss for PFOS, to adsorb 

to glassware made of polypropylene and polyethylene.[105] 

Further, fluorinated polymers also must also be avoided: 

polytetrafluoroetlyhene (PTFE) and polyvinylidene fluoride 

(PVDF) may contain residual PFAS.[24] 

4.2. Unconfirmed Degradation Mechanism  

Before implementing any PFAS treatment technology, a fully 

descriptive and complete degradation mechanism is essential. 

Without this knowledge there is a risk of forming unknown, 

potentially more stable and toxic fluorinated by-products. Further, 

by-products likely vary significantly across different PFAS 

compounds, requiring in-depth analysis beyond just PFOA and 

PFOS. Crucially, a complete mass balance, including identifying 

and quantifying all reaction products, is necessary to demonstrate 

true mineralization, rather than just partial transformation. [106] 

Additionally, without understanding precisely how these reactions 

function, the radical reactions involved cannot be properly 

controlled or optimized to achieve high PFAS degradation 

efficiency.  

So far in enzymatic degradation studies, high resolution mass 

spectrometry (HRMS) has been used to identify a subset of 

reaction products.[72,75-78] However, their concentrations have 

never been quantified, preventing a complete fluorine mass 

balance. Consequently, there is a high likelihood not all 

transformation products are accounted for. Even so, these 

identified products include fully fluorinated alkenes (Figure 6a) 

and fully fluorinated cyclic compounds (Figure 6b), which are 

likely more stable than the original PFOA and PFOS 

precursors.[89] Notably, the cyclic by-products can be classified as 

fluorinated volatile organic compounds, which are highly 

problematic due to their high global warming potential.[107] Further, 

targeted LC-MS methods have failed to detect shorter-chain 

PFCAs, but they are still included in the proposed degradation 

mechanisms in Luo 2015, calling into question the accuracy and 

completeness of the reported pathways (Figure 6c).[75] 

Another consideration with these studies is that degradative 

studies often focus solely on reporting the disappearance of the 

parent compound as the main statistic, frequently overlooking the 

defluorination efficiency. In fact, only four out of the ten studies 

have reported defluorination efficiency. However, the 

defluorination efficiency holds greater significance as it indicates 

the release of inorganic fluorine, which is the ultimate objective of 

degradation studies. To be realistically implemented and meet the 

U.S. EPA’s standard for zero fluorinated pollution, PFAS 

degradation technologies must achieve near-complete 

mineralization, thus requiring defluorination efficiencies closer to 

100%.[108] Thus far, enzymatic degradation studies reporting the 

defluorination efficiency have yielded a maximum of 31% after 

162 days, significantly below the requisite threshold for 

environmental implementation (Table 1).[77]

Figure 6. Proposed mechanisms of the reactive radical from Figure 4. (a) Mechanism proposed to generate fully fluorinated alkenes (perfluoro-1-heptene and 

perfluoro-1-butene), adapted from Colosi 2009.[72] (b) mechanism proposed to generate fully fluorinated cyclic compounds (dodecafluorocyclohexane), adapted 

from Colosi 2009.[72] (c) Mechanism proposed to generate shorter chain PFCAs (perfluoroheptanoic acid), despite the absence of shorter PFCAs identified in 

targeted LC-MS, adapted from Luo 2015.[75]
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4.3. Use of Organic Mediators  

Hydroxyl (•OH) and superoxide (O2•-) have reported limited 

efficacy in degrading PFOA, despite their stronger oxidative 

potential compared to HBT and methoxy radicals.[38-39] It has been 

hypothesized, but not conclusively confirmed, that the extended 

lifetime of the mediator radicals may enable them to reach and 

react with PFAS before being quenched by solvent.[74] However, 

the underlying rationale for the superior degradative effectiveness 

of organic radicals remains unclear and requires further 

investigation to fully understand the mechanistic differences 

between various radical species. 

Further, the fate of the mediators used must also not be ignored. 

The common mediators, HBT and 4-methoxyphenol, are 

themselves listed as harmful to aquatic life and potentially toxic to 

humans.[109-110] Notably, in degradation studies, the 

concentrations of these mediators are often at least 10-100 times 

higher than the target PFAS compounds. This raises the concern 

that simply replacing one set of toxic substances with another is 

not a complete environmental solution. While using less toxic 

mediators is possible, it may compromise the overall degradation 

efficiency.[111] 

4.4. Inherit Challenges in Enzymatic Degradation of PFAS 

Enzymatic degradation of PFAS faces several inherent 

challenges that are yet to be fully overcome. To date, all 

enzymatic degradation experiments conducted have been 

performed under optimized laboratory conditions, which do not 

reflect the complexities of real-world environmental samples. 

Even in these controlled settings, the degradation efficiency and 

timeframe remain suboptimal for practical implementation, with 

the best result reporting 59% degradation of PFOS after 162 

days.[77] This lengthy timeframe is far from what would be required 

for effective real-world applications, where technologies capable 

of working within days would be needed. Further, numerous 

studies using laccase involved re-dosing of laccase and HBT 

every 6 days, and therefore attributing degradation solely to the 

initial concentrations of laccase and HBT would be inaccurate.[75-

78] 

Using laccase and peroxidases in PFAS degradation presents 

another inherent challenge as they can undergo deactivation 

through several common pathways. Counterintuitively, simply 

increasing mediator concentrations does not necessarily enhance 

degradation.[112] In fact, excessively high mediator levels can 

instead lead to enzyme deactivation through two mechanisms: 1) 

the organic radicals formed can recombine and precipitate, 

causing the enzymes to adsorb and be removed from the solution, 

and 2) the reactive radicals can oxidize and inactivate the Fe(III) 

centers in peroxidases.[113-114] Additionally, peroxidases are 

susceptible to inactivation by excessive H2O2 levels, which can 

promote the formation of inactive enzyme species.[115-116] Laccase 

and peroxidases can also be deactivated by their own 

products.[116] As such, careful optimization of reaction conditions 

and co-factor concentration is necessary to avoid enzyme 

deactivation and high catalytic activity, making these systems 

quite delicate.  

Immobilizing laccase and peroxidase enzymes on solid interfaces 

may address the outlined inherent challenges of enzymatic PFAS 

degradation.[117] Immobilized enzymes can exhibit enhanced 

kinetic ability, higher activity, and improved stability compared to 

free enzymes, helping to overcome issues like enzyme 

deactivation and low degradation efficiency.[97,119] Additionally, the 

reusability of immobilized enzymes can improve the overall cost-

effectiveness of the process.[120] However, deepening our 

mechanistic understanding of free enzymatic degradation should 

be the primary focus, before adding an additional layer of 

complexity with immobilization.   

Given the vast array of PFAS compounds, degradation research 

must extend beyond PFOA and PFOS. While PFCA’s and PFSA’s 

are known for their high environmental persistence, there is large 

chemical diversity amongst PFAS and developing a technology 

effective in degrading some compounds may not be applicable to 

others. [31-32] Therefore, a broader focus on various PFAS is 

essential to develop adaptable and effective treatment 

technologies.  

5. Summary and Outlook 

The lack of naturally occurring highly fluorinated compounds in 

the environment has meant there has been little evolutionary 

pressure for microbes to develop the ability to degrade fluorinated 

compounds. A known exception is the enzyme fluoroacetate 

dehalogenase, which can break a single carbon-fluorine bond. 

However, FAcDs limited capability is far from sufficient for 

comprehensively degrading and mineralizing the complex, highly 

fluorinated PFAS compounds. This explains why finding biological 

systems capable of comprehensively degrading and mineralizing 

PFAS has been so difficult. This highlights the challenges 

encountered in identifying biological systems capable of 

comprehensively degrading and mineralizing PFAS. 

Nonetheless, the enzymes laccase and peroxidase have shown 

potential for indirectly degrading PFAS compounds PFOA and 

PFOS. However, the evidence supporting their efficacy remains 

incomplete and requires further investigation. A key limitation is 

sorption processes may contribute to removal of PFAS, escaping 

analytical detection rather than true degradation.  

Further, providing the fluoride ion concentration is crucial in PFAS 

degradation studies, to demonstrate mineralization rather than 

partial transformation to potentially more stable and toxic by-

products. Importantly, this must be paired with comprehensive 

identification and quantification of all reaction products to ensure 

a complete fluorine mass balance and validate the proposed 

degradation pathways. 

Beyond enzymatic degradation, the persistence, ubiquity, and 

inertness of PFAS clearly demonstrates the critical need for use 

of sustainable and, at the very least, degradable materials in the 

future. We should prioritize designing materials that prevent 

pollution, rather than relying on technologies to remediate it.   
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The concept of degrading per- and polyfluoroalkyl substances (PFAS) using enzymes is exciting – it could be a sustainable and 

environmentally friendly way to destroy toxic chemicals contaminating our environment. However, due to the persistent nature of PFAS, 

the field faces many challenges, including low efficiencies, long timeframes, and inconsistencies with results. This review o ffers an 

insightful, and at times critical analysis, into the current state of enzymatic degradation of PFAS.  

 

 


