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HIGHLIGHTS GRAPHICAL ABSTRACT

e Dissolved L-Trp significantly reduces
acute PFOA toxicity in Daphnia magna.
e Optimal L-Trp molar ratio (0.5-1)
effectively reduces toxicological effects

of PFOA.

e L-Trp and PFOA form a weakly bound
complex, mitigating PFOA toxicity.

e Van der Waals forces and hydrogen
bonds dominate in the L-Trp/PFOA
complex.
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ARTICLE INFO ABSTRACT

Keywords: Perfluorooctanoic acid (PFOA) is a pervasive environmental contaminant with well-documented toxic effects on
Perfluorooctanoic acid both humans and animals, attracting significant scientific concern. Due to its affinity for proteins, research has
Tryptophan

predominantly focused on PFOA’s interactions with biological macromolecules. However, the specific role of
smaller molecules, such as amino acids, remains underexplored. This study uniquely evaluates the potential of -
tryptophan (L-Trp) to mitigate PFOA toxicity and investigates the interaction mechanisms involved. Results
indicate that the presence of L-Trp in PFOA-contaminated water reduces acute toxicity in Daphnia magna, with an
optimal molar ratio of approximately 1:2 (Trp:PFOA). The findings reveal that non-covalent interactions,
particularly van der Waals forces and hydrogen bonds, are central to the Trp—PFOA complex formation. Addi-
tional contributions from hydrophobic interactions at the indole group and electrostatic forces between carbonyl
and amine groups further stabilize the complex. These interactions likely reduce PFOA’s toxicity by altering its
bioavailability and distribution. While this study offers valuable insights into the binding mechanisms between L-
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Trp and PFOA, it raises important questions about the reversibility of this interaction and its applicability to
other per- and polyfluoroalkyl substances (PFASs).

1. Introduction

PFOA, with formula CgHF1509, is a synthetic molecule belonging to
the perfluorinated carboxylic acid (PFCA) family, characterized by a
perfluoroalkyl chain and a carboxylate end group. Renowned for its
chemical and thermal resistance properties, as well as its amphipathic
nature, PFOA has been widely used in a variety of industrial and do-
mestic applications (Sunderland et al., 2019). Its high C-F bond stabil-
ity, coupled with nearly six decades of use, has made it one of the most
widely detected PFASs in the global environment and in humans
(Manojkumar et al., 2023; Pan et al., 2018). This wide distribution,
coupled with its environmental persistence (Kwak et al., 2020), raises
significant concerns about its toxic effects, highlighting the urgent need
to understand and mitigate the ecological impacts of this compound
(Ankley et al., 2021).

The toxicological effects (hepatotoxicity, immunotoxicity, malfor-
mations, etc.) of PFASs are now well-established (Kang et al., 2019; Lau,
2015; Pérez et al., 2013; Steenland et al., 2020). However, the mecha-
nisms involved are still insufficiently documented (Ankley et al., 2021).
Their increasing concentrations along food webs (Li et al., 2023),
correlated with their amphiphilic character, has suggested their ability
to bioaccumulate. In particular, PFASs bioaccumulation has been shown
to increase with perfluoroalkyl chain length (Bertin et al., 2014; Du
et al., 2021). Accordingly, some studies have focused on their protei-
nophilic properties (Death et al., 2021; Wen et al., 2016; Zhao et al.,
2023). In situ and in vivo studies have shown that some PFASs, such as
PFOA, exhibit a high affinity for serum albumin, as well as fatty
acid-related proteins, and accumulate in protein-rich organs such as the
liver and kidneys (Bangma et al., 2022; Savoca and Pace, 2021). Other
authors, such as Hernandez et al. (2022) and Xia et al. (2013), have
demonstrated that the presence of proteins in solution can have a
negative impact on bioavailable concentrations and absorption rates of
dissolved PFOA in planktonic crustaceans, such as D. magna.

Currently, no treatment technology is suitable for large-scale appli-
cation in addressing PFAS contaminations. Industrial and municipal
wastewater treatment plants (WWTPs) are the main point sources of
PFASs entering natural environments (Thompson et al., 2022). On the
other hand, it has been observed that several PFASs, including PFOA,
can be adsorbed by biological aggregates during activated sludge
treatment within WWTPs (Zhou et al., 2024). Studies of these sludges
have shown that the protein content of extracellular polymeric sub-
stances (EPSs) plays an important role in the sludge’s ability to adsorb
PFASs (Gravesen et al., 2023). Within the complex structure of these
sludges, Yan et al. (2021) demonstrated that aromatic compounds, such
as tryptophan (Trp), were able to bind by hydrophobic interactions to
PFOA within EPSs. Thus, the adsorption process is a key step in both
toxicity mechanisms and the treatment of PFAS contamination
(Hernandez et al., 2022).

However, few studies have explored the individual contribution of
amino acids, such as Trp, in attenuating the toxicological effects of
PFOA. In order to provide an understanding of the behavior between Trp
and PFOA, this study assessed the influence of L-Trp on the toxicological
effect of PFOA in D. magna, demonstrated the formation of a Trp-PFOA
complex, and investigated the structure of the complex.

2. Materials and méthodes
2.1. Chemicals

Perfluorooctanoic acid (PFOA; CgHF150-; CAS No. 335-67-1; >95%)
and i-tryptophan (L-Trp; C11H12N205; CAS No. 73-22-3; >98%) were

purchased from MilliporeSigma Canada Ltd. (Etobicoke, ON). Experi-
mental concentration ranges were prepared immediately prior to use by
diluting the stock solutions with D. magna culture medium (consisting of
102 mg-L~! NaHCOs, 4.25 mg-L™! KCl, 63.75 mg-L™! MgSO,, 63.75
mg-L ™! CaS04-2H,0 and 2 pg-L~! Se0,) reconstituted and aerated from
NanoPure water (LEEQ, 2023).

2.2. Test organism and culture conditions

The D. magna strain used in this research was provided by the Eco-
toxicology Department of Environment and Climate Change Canada’s
(ECCC) Quebec Laboratory for Environmental Testing (LEEQ, 2023).
Experimental rearing cycles were conducted in reconstituted water
enriched with vitamin B;5 to 100 pL~L*1 and maintained at 20 + 1 °C. A
16-h photoperiod was applied, with light intensity ranging from 600 to
800 Ix at the water surface. The cultured D. magna were fed a fresh,
laboratory-prepared algal mix of Ankistrodesmus sp. and Raphidocelis
subcapitata, sourced from Merlan Scientific (Toronto, ON). Water quality
parameters, including hardness (80-100 mg-CaCO3-L*1), alkalinity, pH
(6.8-8.5), conductivity, temperature, and dissolved oxygen, were
monitored using standard methods (APHA, 2017). No males were
observed during incubation. Each culture batch was used for a
maximum of five weeks. At the start of the test, neonates (12-24 h old)
from the third or later clutches were randomly selected.

2.3. Quality assurance and quality control

The physicochemical characteristics of the treatment and control
media were analyzed before and after treatment; no parameters were
measured outside the organism’s tolerance limits, in accordance with
OECD recommendations (OECD, 2012). No mortality or immobility was
observed in D. magna during blank experiments. Sodium chloride (NaCl)
was used as a reference toxicant in a sensitivity test in accordance with
ECCC recommendations. All sensitivity test results were evaluated
within the lower and upper warning limits, which were 5.06
mg-NaCl-L ! and 6.01 mg-NaCl-L ™}, respectively (Cowgill and Milazzo,
1991). Similarly, no significant differences (p > 0.9999) were observed
in the sensitivity of different generations of D. magna. The correlation
coefficients (Rz) of the experimental reference curves were greater than
0.99, and their repeatability was confirmed before each series of
determinations.

2.4. Acute toxicity tests on D. magna

Experimental testing followed the guidelines of ECCC standard
method LB-DAP-9 and the International Organization for Standardization
standard ISO 6341:2012 (ISO, 2012; LEEQ, 2023). The experimental
range of concentration levels in the acute toxicity tests was chosen to
produce at least three observed effect percentages between 10% and
90%, based on preliminary test results. An appropriate dilution factor (f)
of 0.72 was chosen (Yang et al., 2019). Five PFOA concentrations (80,
112, 156, 216, and 300 mg~L_1) were selected to establish the first LCsq
—48h (mortality) and ECs( - 48h (immobility) values. Toxicity tests were
conducted at a temperature of 20 + 2 °C with a photoperiod of 16 h at a
light intensity of 700 1x and a dark cycle of 8 h. Blank D. magna culture
medium was used as a control. Toxicity tests were carried out in six
replicates with ten organisms per replicate.

A second series of tests was carried out with the same experimental
range to assess the influence of L-Trp on PFOA toxicity. Each sample was
prepared with reconstituted culture water enriched with L-Trp at 14.8,
74 and 148mg-L 1. A control group was set up to verify the absence of
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any effect due to the presence of the amino acid, and a blank test without
the addition of PFOA and amino acid was also conducted. The distinc-
tion between the two measurements was made when assessing immo-
bility and mortality status after 48 h, and toxicity was expressed as
percentage effect and mortality. In detail, test D. magna exhibiting
abnormal movements (paralyzed limbs, inability to swim, missing re-
flexes) compared to control groups after repeated agitation of the me-
dium were classified as immobile. Subsequently, D. magna were studied
using a binocular microscope and classified as dead if no heartbeat could
be detected within 15 s of agitation.

2.5. Analytical methods

2.5.1. Fluorescence quenching charaterization

The interactions between L-Trp and PFOA were studied by analyzing
the fluorescence quenching of L-Trp using a Cary Eclipse fluorescence
spectrometer (Argilent, USA). Scanning was performed at an excitation
wavelengths from 200 to 400 nm with 2 nm increments, and emission
was detected at a wavelength from 305 to 600 nm. Maximum study
intensities were detected at 300 nm and 362 nm for excitation and
emission, respectively.

Fluorescence quenching was analyzed quantitatively using the Stern-
Volmer equation (Lakowicz, 2006):

Fo /F=1+Ks/[Q =1+K;7o[Q] M

Where, Fyp and F are the fluorescence intensities in the absence and
presence of a quencher;

7o is the average lifetime of the fluorophore in the absence of a
quencher, equal to 108 s;

[Q] is the quencher concentration (molL™Y);

Ky is the Stern-Volmer quenching constant (L-mol™);

K, is the biomolecule quenching rate constant (L-mol~1s™h),

To gain a deeper understanding of extinction mechanisms, the results
were adjusted using the modified Stern-Volmer equation (Lakowicz,
2006):

Fo 1
- _+1/5, 2
Fo—F fuKaQ /f @

Where, Fyg and F are the fluorescence intensities in the absence and
presence of a quencher;

fa represents the fraction of accessible fluorophores;

K, is the effective quenching constant for the accessible fluo-
rophores;

[Q] is the quencher concentration (mol-L ™).

Finally, for a static quenching mechanism involving binding, where
fluorescence quenching results from the formation of a complex between
a fluorophore and a quencher, the equilibrium between the free mole-
cule and the bound molecule can be described by the modified Hill
equation (Wei et al., 2015):

Fy—F
Log 0

=Log K;, + nLog[Q] 3

Where, Fyp and F are the fluorescence intensities in the absence and
presence of a quencher;

K} is the binding constant;

n is the Hill coefficient;

[Q] is the quencher concentration (rnol-Lfl).

2.5.2. Thermodynamic charaterization of th Trp—-PFOA bond

To determine the nature of the interactions between L-Trp and PFOA,
thermodynamic parameters such as the Gibbs free enthalpy variation
(AG), enthalpy change (AH) and entropy change (AS) were calculated.
When temperature variations are minimal, the enthalpy (H) of a system
remains approximately constant, allowing the application of the
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following standard thermodynamic equations:

LnK= — AH/RT + AS/R @

Where, R is the gas constant (8314 J mol’l-K’l);
T is the absolute temperature (K);
K is analogous to the binding constant Kj, at the same temperature;
AH is the enthalpy change (kJ-mol™1);
AS is the entropy change (J-mol 1.K™1).

AG=AH — TAS 5)

Where, T is the absolute temperature (K);
AG is the Gibbs free energy change (kJ-mol™);
AH is the enthalpy change (kJ-mol~1);
AS is the entropy change (J-mol 1.K™1).

2.5.3. Fourier transform infrared (FTIR) analysis

The bonds involved in the Trp-PFOA complex were studied using a
Fourier transform infrared spectrometer (PerkinElmer, USA). The com-
plex was formed in solution by adding L-Trp after total dissolution of
PFOA in D. magna culture medium, then frozen and recovered as a
powder by freeze-drying prior to analysis. Samples were analyzed at a
resolution of 4 cm ™! over a range of 400 to 4000 cm ™! in transmittance
mode.

2.6. Statistical analysis

The concentrations of chemical species that caused a 50% observed
effect in D. magna were calculated using the Hill model with 95% con-
fidence limits, employing the RegTox macro version 7.1.2 (Vindimian
et al., 1983). A one-way analysis of variance (ANOVA), followed by a
Tukey’s post-hoc test was applied to the data to assess significant dif-
ferences between treatments and controls using GraphPad Prism soft-
ware version 10.2.2 for Windows (GraphPad Software, San Diego, CA,
USA, http://www.graphpad.com). Results for each treatment were
presented as means with the associated 95% confidence intervals (CIs)
and coefficients of determination (R?). All differences were considered
significant at p < 0.05.

3. Results and discussion
3.1. Acute toxicity of test chemicals

Concentration-response relationships were established for molar
ratios (Trp:PFOA) of 0:1, 1:10, 1:2, and 1:1, from which LCsy — 48h and
ECso — 48h values were estimated. The LCso — 48h values for these ratios
were 137 + 24 mg-L ™%, 358 + 65 mg-L ™}, 964 + 491 mg-L !, and 707
+ 147 mg-L7}, respectively (Fig. 1a). The corresponding ECso — 48h
values were 109 + 16 mg-L ™}, 303 + 44 mg-L ™}, 614 + 99 mg-L ™}, and
418 + 62 mg-L !, respectively (Fig. 1b). Toxicity tests revealed that all
three treatments (0.1:1, 0.5:1, and 1:1) resulted in a significant reduc-
tion in both mortality (p = 0.0036, p < 0.0001, and p < 0.0001) and
immobility (p = 0.0029, p < 0.0001, and p = 0.0001). However, the
experimental data did not demonstrate significant differences between
the treatments.

The results of the acute toxicity analyses showed that L-Trp led to a
reduction in PFOA toxicity. After 48 h exposure, the effect of L-Trp on
mortality and immobility in D. magna was directly correlated with the
concentration of the amino acid. Concentration-response relationships
show that the interaction between L-Trp and PFOA is neither linear nor
directly dose-dependent. Instead, they suggest the presence of an
optimal molar ratio of around 1:2 (Trp:PFOA), to effectively reduce
PFOA toxicity. Beyond this ratio, the effectiveness of L-Trp in attenu-
ating PFOA toxicity no longer increases monotonically, probably due to
the formation of transient interactions, competitive interactions, or even
a limit in reaction yield. Similar results have also been observed at
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Fig. 1. Concentration-response relationships of D. magna after 48 h exposure to concentration ratios (Trp:PFOA) of 0:1, 1:10, 1:2 and 1:1, a) for mortality observation
and b) for immobility observation. All relationships differed significantly (p < 0.005) from the reference relationship.

protein level from the point of view of PFOA bioaccumulation in
D. magna, with higher PFOA body loading rates in D. magna at the
highest protein concentrations (Xia et al., 2013). One explanation for
this phenomenon is the simultaneous influence of protein compounds on
PFASs uptake and elimination rates in D. magna (Dai et al., 2013). These
results suggest that L-Trp is able to bind to PFOA to form a larger carbon
entity. This interaction would result in modified PFOA uptake and
removal via steric exclusion and electrostatic repulsion mechanisms
(Leung et al., 2023), as well as possible partial PFOA inactivation.

This hypothesis is supported by a specific optimal stoichiometric
equilibrium between L-Trp and PFOA at a ratio of 1:2, where each L-Trp
molecule seems to be able to bind to two PFOA molecules. This binding
could occur either independently or through layered structuring, similar
to what is observed in some biological and polymeric systems (Alberts
etal., 2002; Kravchenko et al., 2021). However, such organization could
theoretically be sensitive to variations in the environment (e.g., con-
centration, temperature), as shown by the increase in toxicity observed
at the 1:1 ratio.

3.2. Fluorescences interactions between L-Trp and PFOA

The presence of an indole ring in the L-Trp structure confers spec-
troscopic properties of UV absorption at approximately 280 nm and
fluorescence emission at approximately 350 nm. As shown in Fig. 2a, a
slight red shift was observed for the emission value at 362 nm. This can
be explained by the sensitivity of L-Trp’s photophysical properties to its

microenvironment, notably due to hydrogen bonds characterized by a
red shift with increasing polarity (Uriza-Prias et al., 2022).

As shown in Fig. 2a, emission intensities progressively decreased
with increasing PFOA dosage. This indicates that PFOA was able to
interact with the indole group of L-Trp. These observations confirm the
existence of such interactions as reported in the literature (Jiao et al.,
2022; Yan et al., 2021). Similarly, increasing the molar ratio led to de-
creases of 13%, 24%, 33%, and 37%, respectively, compared with the
reference intensity. Such non-uniform decreases suggest complex bind-
ing dynamics, potentially involving multiple binding sites and variable
affinity, where the interaction does not reach full saturation. A higher
molar ratio of L-Trp could induce the formation of less stable or transient
complexes and fluctuating bioavailability of free PFOA, contributing to
the observed non-monotonic effects on D. magna mortality and immo-
bility. Consequently, the quenching behavior indicates that fluorescence
quenching is not linearly correlated with PFOA’s toxic effect, suggesting
that free PFOA exhibits erratic toxicological patterns in the presence of
the amino acid. In addition, increasing the PFOA dosage led to a slight
shift in the wavelength of the blue emission peak from 362 to 356 nm,
indicating increased hydrophobicity around L-Trp (Uriza-Prias et al.,
2022).

The fluorescence quenching process is generally associated with two
underlying mechanisms: dynamic quenching and static quenching. Dy-
namic quenching occurs when there is a collision between the fluo-
rophore and quencher in the excited state, while static quenching results
from the formation of a non-fluorescent complex between the fluo-
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Fig. 2. (a) Emission spectrum of the interaction between L-Trp and PFOA at 293 K; (b) Stern-Volmer plot of L-Trp as a function of PFOA dosage at 293, 298 and 308
K; (c) Modified Stern-Volmer diagram for L-Trp extinction in the presence of PFOA at 293, 298 and 308 K; (d) Comparison of theoretical and experimental Stern-

Volmer plots for an extended concentration range at 293 K.

rophore and quencher prior to excitation under the influence of external
forces (Fossum et al., 2023). To understand the mechanism involved in
L-Trp fluorescence quenching, the Stren-Volmer equation (Eq. (1)) was
used to fit data at 293, 298 and 308 K (Fig. 2b). This temperature range
was chosen to minimize enthalpy variations and for reasons of envi-
ronmental relevance. As shown in Table 1, modeling of the fluorescence
data showed good correlation with the Stren-Volmer equation. The
biomolecule quenching rate constant (K), which reflect the impact of
collisions or molecular diffusion on the fluorescence decay rate, were all
evaluated above the maximum diffusive collision extinction rate con-
stant (2.00 x 1010 L-mol’l-s’l) (Fossum et al., 2023). This observation
suggests that a static quenching mechanism was involved in the in-
teractions between L-Trp and PFOA. However, Table 1 shows that K,
values increased with temperature, suggesting the existence of a dy-
namic quenching mechanism (Wu et al., 2020). Thus, the observed
decrease in fluorescence would be due to a combination of a dynamic
and a static quenching mechanism.

To enable a better understanding of the extinction mechanisms, the
data were subjected to a fit using the modified Stern-Volmer equation
(Eq. (2)). Here, since L-Trp is free in solution, it offers equal opportu-
nities for interactions with other molecules, so f, = 1 (Wei et al., 2015).
As shown in Fig. 2c, modelling of the fluorescence data indicated a good
correlation with the modified Stren-Volmer equation. The upward trend
in K, confirms the existence of a dynamic quenching mode. A rise in
temperature leads to faster diffusion and a higher proportion of colli-
sional extinction; but also to the dissociation of weakly bound complexes
and therefore comparatively smaller amounts of static extinction
(Fossum et al.,, 2023). Consequently, the fluorescence quenching

Table 1

Stern-Volmer quenching constant (Ksy), biomolecule quenching rate constant
(Kg) and effective quenching constant (K,) for the interaction between L-Trp and
PFOA according to the Stern-Volmer equations at 293, 298 and 308 K. R? is the
correlation coefficient.

T(K)  Ksgy @mol™)  K;(Lmol's™!)  R? K, (LLmol™")  R?

293 6.11 x 10* 6.11 x 10'? 0.992 6.25 x 10% 0.999
298 6.40 x 10* 6.40 x 10'? 0.995 8.33 x 10% 0.998
308 7.38 x 10* 7.38 x 10'? 0.991 1.11 x 10° 0.987

involved in interactions between L-Trp and PFOA is dominated by a
dynamic quenching mode.

In order to verify the existence or otherwise of a static extinction
mode during interactions between L-Trp and PFOA, the concentration
range studied was extended to two extreme concentrations at 293 K
(Fig. 2d). As shown in Fig. 2d, the experimental Stern-Volmer plot
diverged significantly from the theoretical linear plot of single-mode
fluorescence quenching. In addition, the experimental Stern-Volmer
plot gradually showed an upward curvature, typical of combined ex-
tinctions (Wei et al., 2015). Thus, these observations confirm that both
modes of fluorescence quenching occurred simultaneously between
L-Trp and PFOA in this study.

3.3. Nature of the binding mode and thermodynamic parameters of L-
Trp/PFOA complex

From Fig. 3a, the correlation coefficients (R?) for the binding con-
stants were greater than 0.98 (Table 2), indicating that the interaction of
L-Trp with PFOA fit well with the site-binding model described by
equation (Eq. (3)). According to Equation (3), the Hill coefficients (n)
were close to 1 (Table 2). This observation confirms that the indole ring
of L-Trp constitutes a binding site for PFOA molecules. Furthermore, n
values very close to 1 indicate independent, even slightly non-
cooperative binding (Lakowicz, 2006). In the case of toxicity tests in
D. magna at 293 K, this supports the hypothesis that L-Trp is capable of
forming independent bonds on either side of the indole plane with PFOA
molecules.

From Fig. 3b, the Van’t Hoff plot showed that the enthalpy of the
system remained relatively constant. Here, AG < 0 indicates that the
reaction between L-Trp and PFOA is spontaneous between 293 and 308
K. Furthermore, as both AH and AS are below zero, this suggests that van
der Waals interactions and hydrogen bonds play a major role in the
equilibrium of the Trp—PFOA complex (Chen et al., 2015). Thus, con-
trary to the observations of Tang et al. (2022) and Yan et al. (2021),
electrostatic forces and the hydrophobic effect would be only secondary
forces in stabilizing the complex. All these non-covalent interactions,
known for their impact on the properties, behavior and environmental
fate of many pollutants, provide a plausible explanation for the
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Fig. 3. (a) Modified Hill diagram for L-Trp binding to PFOA at 293, 298 and 308 K; (b) Van’t Hoff plot of In K} versus 1/T for Trp binding to PFOA.

Table 2

Binding parameters, including binding constant (K}), Hill coefficient (n) and relative thermodynamic parameters for the interaction between L-Trp and PFOA at 293,

298 and 308 K. R? is the correlation coefficient.

T (K) Kp, (L-mol™Y) n R? AH (kJ-mol™1) AS (J-mol 1K1 AG (kJ-mol™1) R?
293 5.01 x 10? 0.983 0.9966 —46.19 -88.12 —20.37 0.925
298 3.16 x 10? 0.897 0.9843 -19.93

308 2.51 x 10? 0.855 0.9850 ~19.05

reduction in toxicity observed in D. magna (Fang et al., 2015; Kern et al.,
2022).

Drawing an analogy from the medical field, L-Trp could constitute a
micellar effect similar to polymeric micelles recognized as scalable drug
delivery vehicles that reduce toxicity and improve therapeutic efficacy
of free drugs depending on their size, biocompatibility, thermodynamic
stability, and kinetics (Lin et al., 2021). In this way, L-Trp is likely to
have a direct effect on the bioavailability of free PFOA, or even influence
its behavior and distribution in the body. However, further in-
vestigations are needed to establish the actual behavior of PFOA in the
presence of amino acids, such as L-Trp, or even at the protein level.

3.4. Identification of binding groups in L-Trp/PFOA complex

As shown in Fig. 4, the characteristic absorption bands of both
molecules shifted in the molar mixtures, confirming an interaction

between L-Trp and PFOA. Specifically, the intensity of L-Trp’s charac-
teristic bands decreased with increasing PFOA dosage. The absorption
bands associated with carbonyl groups shifted from 1755 cm™! (C=0
stretching) to 1721 cm™!, and from 1661 cm™! (antisymmetric stretching
of -COO~ associated with H.N-H antisymmetric bending modes) to
1633 cm!, suggesting their involvement in hydrogen bonding.
Conversely, the decrease and shift of the characteristic aromatic C=C
bands towards higher frequencies, coupled with the variation and
disappearance of C-H and =C-N- bands, indicate a local reduction in
hydrogen bonding. This phenomenon supports the hypothesis that PFOA
is attracted to the indole group of L-Trp through hydrophobic effects
(Yan et al., 2021). The reduced intensity of the band at 3402 em ™!
(-N-H indole stretching) and the disappearance of the band at 1582
em™! (HoN-H antisymmetric bending) may result from electrostatic
attraction between the protonated amine of L-Trp and the negatively
charged carboxylic group of PFOA (Yan et al., 2021). Thus, in addition
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Fig. 4. FTIR spectra of pure L-Trp, pure PFOA and a Trp-PFOA mixture (1:1) recovered as powders by freeze-drying.

to the previously discussed interactions, the amine group in L-Trp pro-
vides an additional interaction site for PFOA through electrostatic
forces.

3.5. Implications of the complexation mechanism

The specific features of the Trp-PFOA complex demonstrate the ex-
istence of physicochemical conditions for attenuating the toxicological
effects of PFOA. The optimal stoichiometry at a 1:2 ratio reveals not only
a particular affinity between L-Trp and PFOA but also the involvement
of underlying molecular mechanisms influencing the biological
response. This specific interaction indicates that the indole ring acts as a
preferred binding site for PFOA, leading to particular toxicological
profiles that cannot be predicted based solely on total concentrations.
The toxicological responses observed highlight the impact of complex-
ation on PFOA bioavailability and reflect its influence on toxicokinetic
parameters. Thus, this phenomenon introduces new variability in PFOA
toxicity, strongly influenced by the dynamic equilibrium between bound
and free forms.

Previous studies have also observed similar interactions between the
indole ring and other PFASs (Alesio and Bothun, 2024; Chen et al., 2024;
Jin et al., 2022), suggesting that this binding is a common feature that
may more broadly influence PFAS behavior. This specificity persists
even in more complex physicochemical environments (Tang et al., 2022;
Yan et al., 2021), indicating that molecules containing indolic structures
play a significant role in modulating the environmental fate and toxicity
of PFASs. Notably, Jin et al. (2022) demonstrated that the formulation of
indolic derivatives enabled high adsorption and even defluorination of
PFOA and PFOS under certain conditions.

Furthermore, the non-covalent nature of the forces involved in
complexation, as well as their dependence on environmental conditions
such as temperature and molecule concentration, suggest that the

reaction is reversible. This reversibility is interesting from a toxicity
standpoint. Indeed, the ubiquity of compounds containing indole nuclei
in aquatic environments and living organisms could be an under-
estimated modulating factor in PFOA transport, accumulation, and
bioavailability. For example, it has been observed that increasing tem-
perature affects the bioconcentration and bioaccumulation of PFASs by
releasing contaminants trapped in sediments, increasing their uptake
rates in environmental organisms (Wang et al., 2023).

This reversibility of the reaction with the indole ring of L-Trp also
raises questions about the effectiveness of biological treatments. The
sorption capacity of PFASs by activated sludge relies on their protein
content (Arvaniti et al., 2014; Behnami et al., 2024; Yan et al., 2021),
and aromatic compounds, such as tryptophan and tyrosine (Tang et al.,
2022; Yan et al., 2021; Zhang et al., 2023). Consequently, the presence
of labile bonds, as illustrated here, could lead to the release of adsorbed
PFASs into the natural environment during washing or incineration
processes.

The observations of this study, combined with those of previous
research, underline the importance of the indole group and analogous
molecules in binding to PFASs. This dynamic opens up new perspectives
for understanding the mechanisms of interaction between PFASs and
biological compounds, as well as for developing more effective treat-
ment strategies and environmental regulations. Future research should
further explore these interactions, particularly in complex environments
and with other indole compounds, to better assess their impact on the
toxicity and environmental fate of PFASs.

4. Conclusion
This study demonstrates that L-Trp significantly reduces mortality

and acute immobility in D. magna through the formation of a Trp—PFOA
complex. Bioassays demonstrated the existence of a Trp:PFOA molar
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ratio around 1:2 for optimal attenuation of toxicological effects, indi-
cating L-Trp’s potential to react with two PFOA molecules. Fluorescence
quenching analyses revealed that non-covalent interactions, particularly
van der Waals forces and hydrogen bonds, play a central role in the
formation of the Trp—PFOA complex. Determination of thermodynamic
parameters further supported these findings, and FTIR analysis
confirmed the presence of hydrophobic and electrostatic interactions
within the complex. The presence of such interactions implies revers-
ibility of the reaction. Consequently, the reversibility of Trp—PFOA
complexes could explain the erratic results of research into PFAS
toxicity. Similarly, biological treatment processes for PFAS contamina-
tion based on this mechanism are likely to be affected by this revers-
ibility. Moreover, the potential for reversible complexation with
biomolecules in the natural environment raises concerns about current
PFAS regulations. Future research should explore the behavior of ho-
mologous PFASs in relation to amino acids and proteins to better un-
derstand these interactions and their implications.
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