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In the presence of the other: How glyphosate and peptide molecules alter 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Glyphosate and the peptide do not 
interact in solution or at the goethite 
surface. 

• Competition for the interface results in 
co-sorption of glyphosate and peptide. 

• Outer-sphere glyphosate-goethite com
plexes are favored in the presence of 
peptide. 

• Glyphosate reduces the extent and ki
netics of peptide sorption onto goethite. 

• Peptide reduces the extent while accel
erating the kinetics of glyphosate 
sorption.  
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A B S T R A C T   

The interactions with soil mineral surfaces are among the factors that determine the mobility and bioavailability 
of organic contaminants and of nutrients present in dissolved organic matter (DOM) in soil and aquatic envi
ronments. While most studies focus on high molar mass organic matter fractions (e.g., humic and fulvic acids), 
very few studies investigate the impact of DOM constituents in competitive sorption. Here we assess the sorption 
behavior of a heavily used herbicide (i.e., glyphosate) and a component of DOM (i.e., a peptide) at the water/ 
goethite interface, inclusive of potential glyphosate-peptide interactions. We used in-situ ATR-FTIR (attenuated 
total reflectance Fourier-transform infrared) spectroscopy to study sorption kinetics and mechanisms of inter
action as well as conformational changes to the secondary structure of the peptide. NMR (nuclear magnetic 
resonance) spectroscopy was used to assess the level of interaction between glyphosate and the peptide and 
changes to the peptide’ secondary structure in solution. For the first time, we illustrate competition for sorption 
sites results in co-sorption of glyphosate and peptide molecules that affects the extent, kinetics, and mechanism 
of interaction of each with the surface. In the presence of the peptide, the formation of outer-sphere glyphosate- 
goethite complexes is favored albeit inner-sphere glyphosate-goethite bonds (i.e., P–O–Fe) are still formed. The 
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presence of glyphosate induces secondary structural shifts of the sorbed peptide that maximizes the formation of 
H-bonds with the goethite surface. However, glyphosate and the peptide do not seem to interact with one another 
in solution nor at the goethite surface upon sorption. The results of this work highlight potential consequences of 
competition for sorption sites, for example the transport of organic contaminants and nutrient-rich (i.e., nitro
gen) DOM components in relevant environmental systems. Predicting the rate and extent with which organic 
pollutants are removed from solution by a given solid is also one of the most critical factors for the design of 
effective sorption systems in engineering applications.   

1. Introduction 

Glyphosate is the world’s most heavily applied herbicide (Franz 
et al., 1997); as a result, contamination with glyphosate occurs 
frequently in a large variety of terrestrial environments (Aparicio et al., 
2013; Avigliano and Schenone, 2015; Battaglin et al., 2005; Battaglin 
et al., 2014; Kolpin et al., 2006; Mahler et al., 2017; Primost et al., 2017; 
Richards et al., 2018; Skark et al., 1998). Detection of glyphosate in soil 
solution, surface water and groundwater occurs despite its (bio)degra
dation and sorption in soil. Since the dissolved organic matter (DOM) 
component of soil can mediate the transport of contaminants and nu
trients to the subsurface, rivers and lakes (Daouk et al., 2015; Kaiser and 
Kalbitz, 2012; Qualls et al., 1991), detection of glyphosate could result 
from its competition with DOM components for mineral surfaces present 
within the soil matrix (Kalbitz et al., 2005). 

DOM components of soil are chemically diverse, relatively small 
organic molecules (< ~3 kDa) of plant and microbial origin that include 
organic acids and biopolymer-derived organics (e.g., sugars, amino 
acids, polyphenols, peptides) (Ellert and Gregorich, 1995; Ladd et al., 
2019; Roth et al., 2019; Sutton and Sposito, 2005; Van Hees et al., 2005; 
Warren, 2021). Peptides are protein-derived DOM components of 
varying composition and structure, produced by biotic and abiotic 
depolymerization and hydrolysis processes (Chalot and Brun, 1998; Hill 
et al., 2011; Jan et al., 2009; Ladd and Butler, 1972; Nguyen et al., 2019; 
Reardon et al., 2016; Vranova et al., 2013; Warren, 2021). Reactive 
metal oxide mineral surfaces (e.g., birnessite) can also induce chemical 
alterations to sorbed proteins and produce soluble peptides (Reardon 
et al., 2016; Russo et al., 2009). 

Glyphosate reacts with soils (Glass, 1987; Hance, 1976; Pessagno 
et al., 2005) through its adsorption onto aluminosilicate clays (Damonte 
et al., 2007; Glass, 1987; Khoury et al., 2010; McConnell and Hossner, 
1989; Morillo et al., 1997; Shoval and Yariv, 1979), birnessite (Li et al., 
2018), and goethite (Barja and dos Santos Afonso, 2005; McBride and 
Kung, 1989), which potentially decreases its mobility and efficacy as a 
herbicide. Reports that evaluate the molecular-scale structures of 
glyphosate sorbed onto goethite generally show the formation of inner- 
sphere complexes (i.e., direct chemical bonds) through the phosphonate 
group of glyphosate (Barja and dos Santos Afonso, 2005; Jonsson et al., 
2008; Sheals et al., 2002; Tribe et al., 2006; Yan and Jing, 2018) and 
outer-sphere complexes (e.g., electrostatic, H-bond interactions) 
through its carboxylate and/or amine groups (Azimzadeh and Martínez, 
2024; Yan and Jing, 2018). Research also suggests glyphosate interacts 
with organic matter (OM); however, it is generally perceived that re
actions between OM and organic pollutants are mostly driven by weak 
forces, such as hydrophobic interactions and hydrogen bonds (Kohl and 
Rice, 1998). Yet, interactions between glyphosate and soil humic acid 
extracts were found to be strong, thereby suggesting reactions with 
relatively large organic molecules might be important (Albers et al., 
2009; Piccolo and Celano, 1994). Indeed, Mazzei and Piccolo (2012) 
reported the formation of H-bonds between glyphosate’ carboxyl and 
phosphonate groups and protonated O-functionalities of extracted 
humic substances 5–10 kDa in mass. Spectroscopic studies have also 
shown the apparent disaggregation of humic molecules in the presence 
of glyphosate, possibly due to H-bond interactions between the phos
phono group of glyphosate and the humic polymer (Miano et al., 1992). 
While the abovementioned studies suggest glyphosate interacts with 

relatively large OM fractions, quantum chemical modeling illustrates 
the potential for interactions between glyphosate and small DOM com
ponents. Ahmed et al. (2018) for example, predicted glyphosate and 
pentaglycine form a stable soluble complex (1:1 molar ratio) involving 
multiple intermolecular H-bonds, three with the phosphonic and one 
with the carboxylic group of glyphosate. If confirmed experimentally, 
these types of interactions are likely to be affected by the amino acid 
sequence of the peptide. 

The adsorption of biomolecules onto mineral surfaces may be driven 
by several forces, including hydrogen bonding, ion exchange, ligand 
exchange, and electrostatic, hydrophobic and van der Waals interactions 
(Norde, 1996; Schmidt and Martínez, 2016; Schmidt and Martínez, 
2017; Touzeau et al., 2021; Yang et al., 2022; Yang et al., 2021; Yu et al., 
2013; Zhou et al., 2005). Properties that affect the sorption of bio
molecules onto minerals include pH, ionic strength, the electrostatic 
properties of the surface, and the biomolecule’ hydrophilic and hydro
phobic character, functionality and molecular size (Norde, 1996; Tou
zeau et al., 2021; Yang et al., 2022; Yang et al., 2021). Structural 
investigations of peptide-surface associations are however scarce and 
mostly conducted at gold (Au), TiO2, and SiO2 surfaces. For example, 
Touzeau et al. (2021) show sorption of a peptidomimetic polymer on Au 
and hydrophilic TiO2 and SiO2 surfaces share a common mechanism 
involving initial electrostatic interactions followed by a sorption process 
driven by the increase in contacts on the surface where water 
displacement (i.e., entropic desolvation) plays a role. Additional studies 
have demonstrated a peptide derived from Pseudomonas aeruginosa has a 
higher affinity for hydrophobic than for hydrophilic surfaces (Yang 
et al., 2022; Yang et al., 2021). Overall, peptide sorption seems influ
enced not only by the peptide sequence, but also by the peptide 
conformation, which changes upon sorption (Touzeau et al., 2021; Yang 
et al., 2022; Yang et al., 2021). 

It has been demonstrated that solution-phase interactions between 
high molecular mass organic molecules influence their sorption process 
(Schmidt and Martínez, 2018; Shakiba et al., 2018) and that humic acid 
and polysaccharide pre-sorbed onto goethite significantly reduce the 
extent and rate of glyphosate sorption compared to that on bare goethite 
(Arroyave et al., 2016; Azimzadeh and Martínez, 2024). Studies where 
both glyphosate and DOM were present in initial solutions have also 
shown glyphosate sorption onto goethite was significantly reduced by 
DOM at pH 3–9 (Day et al., 1997), thus suggesting DOM components 
might have a greater affinity for the goethite surface than glyphosate. It 
is therefore likely DOM modulates glyphosate sorption onto goethite by 
competition for surface sorption sites and that competition is deter
mined by electrostatic and perhaps steric shielding effects (Day et al., 
1997). To the best of our knowledge, no study to date has been con
ducted to investigate co-sorption of glyphosate and a low molar mass 
DOM component (e.g., peptide) at a mineral surface (e.g., goethite) and 
their solution-phase interactions. 

We therefore investigate whether a peptide in solution - used as a 
model biomolecule component of DOM - hinders, facilitates, or com
petes with glyphosate for retention at a model mineral surface - goethite. 
The overarching question is Do biomolecules present in the soil aqueous 
phase (components of DOM) outcompete glyphosate for retention at mineral 
surfaces? Moreover, our experiments provide insights into the effects the 
addition of organic chemical contaminants to soils might have on soil 
dissolved organic matter components and hence on nutrient availability. 
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Experimentally, we investigate the extent and kinetics of sorption, and 
the mechanisms of interaction of glyphosate and the peptide from single 
(glyphosate or peptide) and binary (glyphosate + peptide) solutions at 
the goethite interface using in-situ ATR-FTIR spectroscopy in real time. 
Furthermore, NMR spectroscopy is used to assess whether glyphosate 
and the peptide interact in solution. In addition, we probe whether the 
peptide changes its conformation upon sorption in the presence and 
absence of glyphosate. Sorption to mineral surfaces is a significant factor 
that modulates the abiotic cycling of contaminants and nutrients (e.g., C 
and N in peptide) in terrestrial ecosystems and their availability to living 
organisms. 

2. Experimental section 

2.1. Materials 

Goethite (α-FeOOH, pHpzc = 8.4 ± 0.2) (Azimzadeh and Martínez, 
2024) was synthesized by the method of Schwertmann and Cornell 
(2008) which involves the addition of KOH to a FeCl3 solution, followed 
by heating at 70 ◦C for 3 days, and purification of the suspension. Fig. S1 
shows a SEM image of the synthesized product, with average length of 
needle-like crystals of 0.85 ± 0.4 μm and BET determined surface area of 
59.1 ± 2.1 m2 g−1. Glyphosate (N-phosphonomethyl glycine, 96 % pu
rity) was purchased from Sigma-Aldrich (Milwaukee, USA). The peptide, 
which is blocked at both ends, corresponds to amino acid residues 
162–180 in interleukin-1 receptor-associated kinase 1 (IRAK1), isoform 
1 from Mus musculus. The peptide was synthesized and purified at Tufts 
University Medical School Core Facility (http://tucf.tufts.edu/hom 
e/peptide_synthesis), Boston, MA. All solutions were made with deion
ized distilled water (18.2 MΩ⋅cm). NMR and FTIR experiments were 
performed using glyphosate and peptide concentrations of 2 mM (1:1 
molar ratio). The FTIR spectra of glyphosate sorbed on goethite have 
shown to be identical in 0.01, 0.1–0.2 M NaCl solutions (Yan and Jing, 
2018). Therefore, I ≈ 0.01 M was chosen to mimic a non-saline soil (i.e., 
EC = 0.7 mS/cm) using 10 mM KCl background electrolyte solutions. 
The experimental pH is fixed at 5, representing acidic soils of humid 
climates where the affinity of glyphosate for soil particles is high and 
where soils are rich in iron (hydr)oxides and organic matter (Chen et al., 
2019; De Gerónimo and Aparicio, 2022; Ketterings et al., 2006; Pereira 
et al., 2019). Although many glyphosate studies at mineral surfaces have 
been conducted at near neutral and higher pH values, these pH values 
are not typical of agriculturally productive soils (Lin et al., 2012) and 
therefore do not broadly represent environmentally relevant conditions 
expected to influence glyphosate’ behavior and fate. Reported acid 
dissociation constants for glyphosate are: pKa2 (carboxylic) = 2.23, pKa3 
(phosphonic) = 5.46, and pKa4 (amine) = 10.14 (Chen et al., 2009; Li 
et al., 2013; Tribe et al., 2006), so that 72 % of glyphosate occurs as the 

monoanion [−OOCCH2N+H2CH2-HPO3
−] species at pH 5 and I ≈ 0.01 M 

(Fig. S2). The chemical structure of glyphosate and the amino acid 
sequence of the peptide are presented in Fig. 1. 

2.2. In-situ ATR-FTIR experiments 

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) 
experiments were conducted with a Vertex 70 FTIR spectrometer 
(Bruker Corp. Billerica, MA). A Pike GladiATR accessory with a single 
bounce diamond IRE (internal reflection element) and flow through cell 
(Pike Technologies Madison, WI) were used for sampling. Spectra were 
collected from 4500 to 150 cm−1 with 4 cm−1 resolution and averaged 
over at least 104 scans. Post hoc treatment of spectra included atmo
spheric correction, Savitzky–Golay smoothing, and background correc
tion to remove water vapor interference and instrumental drift. All 
spectral manipulations were performed using OPUS 7.2 software 
(Bruker Corp. Billerica, MA). 

ATR-FTIR sorption experiments involved the acquisition of in-situ 
time-resolved spectra of glyphosate, the peptide, and glyphosate plus 
peptide (glyphosate + peptide, 1:1 molar ratio) solutions passed over a 
goethite film. Uniform evenly distributed goethite thin films were pro
duced by drop casting a 4.8 μL aliquot of a goethite suspension (1.68 g 
L−1) over the IRE and drying under N2 flow. The thickness of the 
goethite film was optimized by conducting preliminary experiments (see 
Fig. S3 for details). Upon deposition and drying, a 10 mM KCl back
ground electrolyte solution was passed over the film (rate ≈0.9 mL 
min−1, which is equal to 0.013 m s−1) to remove any loosely bound 
material and allow for re-hydration of the film. The stability of the 
goethite film is considered attained when no changes are observed in 
FTIR spectra collected during background solution flow. After goethite 
film stabilization, a background spectrum was collected and sorption 
experiments were initiated by exchanging the background solution with 
glyphosate, peptide, or glyphosate + peptide solutions. Sorption spectra 
were collected every 1.5 min until equilibration of surface species was 
observed. Bulk solution spectra of glyphosate (2 mM), peptide (2 mM), 
and glyphosate + peptide (2 mM each) were collected after drop casting 
a 100 μL aliquot over the IRE. The spectrum of the background elec
trolyte was subtracted from all spectra. Detailed ATR-FTIR protocols are 
described in previous publications (Azimzadeh and Martínez, 2024; 
Schmidt and Martínez, 2017; Schmidt and Martínez, 2018). 

2.3. NMR experiments 

All NMR experiments were acquired at 25 ◦C on a Varian INOVA 600 
MHz spectrometer using a (H,C,N) z-axis gradient probe. Two- 
dimensional Rotating-Frame Overhauser Enhancement Spectroscopy 
(ROESY) (Bax and Davis, 1985; Bothner-By et al., 1984) spectra were 

Fig. 1. Chemical structure of glyphosate (a) and amino acid sequence of the peptide (b). The peptide amino acid sequence in structural alphabet (SA) format is 
represented by PLPVSLGPPLPSSAPSSTK. Glyphosate, a zwitterion, occurs mostly (≈72 %) as the monoanion [−OOCCH2N+H2CH2-HPO3

−] species under experimental 
conditions (pH 5, I ≈ 10 mM). The acetyl-amide blocked peptide, a model component of dissolved organic matter, contains 19 amino acids and has a molecular mass 
of ≈1831 g mol−1 (~1.8 kDa), a pI (isoelectric point) of 10.6, and a net charge of 1+ at pH 5. 
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acquired with 150 ms mixing time and spectral widths of 8.4 kHz in t2 
(2048 complex data points) and in t1 (1024 complex data points). Two- 
dimensional Total Correlation Spectroscopy (TOCSY) (Bax and Davis, 
1985) spectra were recorded with 70 ms mixing time and spectral 
widths of 8.4 or 10 kHz in t2 (2048 complex data points) and 8.4 kHz in 
t1 (1024 complex data points). All spectra were processed using nmrPipe 
(Delaglio et al., 1995) to perform polynomial water subtraction in the 
time domain, and phase-shifted sine bell apodization, a single zero-fill, 
Fourier transformation, zero and first-order phase correction, and 
linear baseline correction in each dimension. 

2.4. Sorption kinetics 

The kinetics of glyphosate, peptide, and glyphosate + peptide sorp
tion experiments on goethite were assessed by fitting sorption kinetic 
models to the FTIR data. Peak heights of the glyphosate νP–O–Fe 
(≈985 cm−1) and of the peptide amide II (≈1555 cm−1) vibrations were 
plotted with time, and the pseudo-first order (PFO), pseudo-second 
order (PSO) and Elovich rate equations evaluated and fitted to obtain 
sorption kinetic model parameters (Aharoni and Tompkins, 1970; Ho, 
2006; Plazinski et al., 2009). The νP–O–Fe vibration indicates inner- 
sphere sorption via the phosphonate group of glyphosate (Azimzadeh 
and Martínez, 2024; Barja and dos Santos Afonso, 2005; Sheals et al., 
2002; Yan and Jing, 2018). The amide II band is used to monitor peptide 
sorption since this vibration is not as sensitive to structural changes or 
potential aggregation compared to amide I vibrations (Barth, 2007; 
Barth and Zscherp, 2002; Tamm and Tatulian, 1997). Our goal was to 
determine whether the extent and kinetics of the formation of inner- 
sphere P–O–Fe complexes between glyphosate and goethite were 
affected by the presence of the peptide; and conversely, to quantify the 
effect glyphosate might have on the extent of peptide sorption, mecha
nisms and sorption kinetics at the goethite surface. Description of 
sorption kinetic models tested is presented in the SI, and in previous 
work (Schmidt and Martínez, 2016). 

2.5. Quantitative analyses of the peptide secondary structure 

Deconvolution of the amide I band, which displays secondary struc
ture sensitivity (Barth and Zscherp, 2002), was used to quantify changes 
in the peptide secondary structure during the sorption process and for the 
peptide in solution, both in the absence and presence of glyphosate. 
Deconvolution of the amide I band was performed with PeakFit package 
v.4.12 (Systat Software Inc., San Jose, CA). After post hoc treatment of the 
spectra, a linear baseline was fitted across the amide I band (1700–1600 
cm−1). To determine the position of overlapping components, the second 
derivative of IR spectra was employed in peak fitting. The second deriv
ative treatment presents sharper bands and better resolution than the 
original spectra. Gaussian peaks were then added to the amide I band, 
with optimization of amplitude, peak position and width. To verify the 
reliability of identified components, the calculated components of a 
spectrum with fixed Gaussian parameters (e.g., at t1) were applied to the 
next spectrum (e.g., at t2), and vice versa. The results of this fitting 
method showed the identified components occurred at almost the same 
position (±5 cm−1); however, the amplitude and width needed to be 
optimized. This iterative validation method was used across all kinetic 
data sets to minimize the impact of IR artifacts and overfitting. Fitting of 
the amide I band resulted in the identification of four structural compo
nent peaks. The goodness of fit R2 factor for all fitted spectra was >0.999. 
Peak component positions and associated tentative secondary structure 
assignments are: A, extended β-strands (structured, strong interactions) 
from 1612 to 1622 cm−1; B, random coils from 1632 to 1649 cm−1; C, 
β-turns from 1652 to 1676 cm−1, and D, extended β-strands (amorphous, 
weak interactions) from 1681 to 1702 cm−1 (Barth, 2007; Barth and 
Zscherp, 2002; Roach et al., 2005; Tamm and Tatulian, 1997). Peak 
component positions are inclusive of peptide and glyphosate + peptide, 
both in solution and sorbed on goethite. 

The secondary structure of the peptide in solution was characterized 
from NMR chemical shifts of alpha protons (Hα) using the Chemical Shift 
Index (CSI) (Wishart et al., 1992). The difference (ΔδHα) between the 
observed Hα chemical shift value and its corresponding random coil 
value for a given amino acid residue type provides a measure of sec
ondary structure (Wishart et al., 1992). The CSI value is assigned +1 if 
ΔδHα > 0.1 ppm, −1 if ΔδHα < −0.1 ppm, and 0 if −0.1 < ΔδHα > +0.1. 
Secondary structure was assigned based on the CSI values using the 
published protocol (Wishart et al., 1992). 

3. Results and discussion 

3.1. Solution spectra 

Glyphosate in solution showed FTIR peaks typical of vibrational 
modes resulting from its carboxylate-amine envelope (νas(COO−) +

δ(NH2
+), centered at ≈1615 cm−1), and from carboxylate (νs(COO−) at 

≈1400 cm−1), carbon-hydrogen/carbon-carbon (ωCH2/νCC at ≈1325 
cm−1) and phosphonate (νas(PO2) at ≈1186 cm−1, νs(PO2) at ≈1083 
cm−1, ν(PO3) at ≈980 cm−1) functional groups (Fig. 2a) (Sheals et al., 
2003; Undabeytia et al., 2002; Yan and Jing, 2018). Similarly, vibrations 
typical of proteins appeared in the peptide solution spectrum that 
include the amide I (backbone ν(C––O) at ≈1675 cm−1 and backbone 
δ(NH) at ≈1625 cm−1) and amide II (δ(NH) + ν(CN) at ≈1537 cm−1) 
vibrational modes. Additional vibrations, not usually of high enough 
intensity to be observed in proteins, are clearly observed for the peptide. 
These vibrations arise from specific amino acids and their side chains 
(Figs. 2a, 1b, Table S1): δCH2 at ≈1465 cm−1; δas(CH3) at ≈1440 cm−1; 
δ(CH), τ CH2, ω CH2 at ≈1200 cm−1; δCOH/νCO (serine, threonine) at 
≈1138 cm−1; and ν(CN) at ≈1050 cm−1 (Barth and Zscherp, 2002; 
Tamm and Tatulian, 1997). 

Before conducting sorption studies with solutions containing glypho
sate + peptide, we wanted to know whether glyphosate and the peptide 
interacted in solution. For this purpose, two dimensional (2D) homonu
clear NMR (1H–1H ROESY, 1H–1H TOCSY) studies were conducted 
using a 1:1 glyphosate:peptide molar ratio in solution at pH 5 and in the 
presence of Ca2+ or K+ electrolyte solutions. The ROESY experiment de
tects through-space interactions between H atoms that are within a 5 Å 
distance, while the TOCSY experiment shows through-bond connectivity 
between H atoms within 3 bonds of each other. As shown by comparison 
of the 2D ROESY and TOCSY spectra with and without glyphosate, no 
changes in the chemical environment of glyphosate or the peptide were 
observed (Fig. 2b–d), thus indicating that glyphosate and the peptide did 
not interact under the solution conditions tested. Notably, peaks corre
sponding to minor populations of cis prolyl peptide bonds are present at 
lower contour levels but also show no differences in chemical shift with 
and without glyphosate. FTIR results also indicated that glyphosate and 
the peptide did not interact in solution; in fact, the spectrum of glypho
sate + peptide in solution contains all of the vibrations of individual 
glyphosate and peptide spectra, with no shifts in peak positions that 
would have suggested their interaction (Fig. 2a, Table S1). As reported in 
previous studies, the formation of biomolecule-rich supramolecular as
semblies occur between relatively large DOM components (e.g., proteins, 
lipids, lignin, nucleic acids) (Schmidt and Martínez, 2018; Sutton and 
Sposito, 2005) while glyphosate seemed to interact with DOM compo
nents >5 kDa (e.g., hydrophilic fulvic acids and hydrophobic humic 
acids) (Li and Sato, 2017; Mazzei and Piccolo, 2012; Piccolo and Celano, 
1994). Based on our spectroscopic evidence we however suggest solvation 
of the low molecular mass peptide (~1.8 kDa) precludes the formation of 
glyphosate-peptide complexes in solution. Although chemical modeling 
predicted the formation of a 1:1 glyphosate:pentaglycine (~0.30 kDa) 
soluble complex, these potential H-bond interactions have not been 
experimentally confirmed (Ahmed et al., 2018). Moreover, glyphosate 
interactions with small peptides are likely affected by the amino acid 
sequence and conformation of the peptide, including the potential for the 
formation of electrostatic interactions and H-bonds. 
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3.2. Sorption spectra: competition and interactions 

In-situ ATR-FTIR experiments were used to monitor the sorption of 
glyphosate, the peptide, and glyphosate + peptide onto goethite from 
solution in real time (Fig. 3). The progression of FTIR spectra of 
glyphosate sorbed on goethite, compared to that in solution, show dif
ferences that reveal the sorption mechanism (Fig. 3a). Glyphosate 
sorption on goethite shows the development of FTIR vibrations char
acteristic of an inner-sphere complex in which the phosphonate group of 
glyphosate binds to an Fe(III) center on the goethite surface (P–O–Fe 
bonds, within the ≈1075–989 cm−1 range) (Table S1) (Arroyave et al., 
2016; Sheals et al., 2002). As reported in previous studies, a decrease in 
peak position of the carboxylate-amine band upon sorption (νas(COO−) 
+ δ(NH2

+), centered at ≈1605 cm−1) suggests the carboxylate and/or 
amine functionalities of glyphosate form outer-sphere complexes on 
goethite (Azimzadeh and Martínez, 2024; Yan and Jing, 2018), albeit 
inner-sphere complexes appear more prominent (Arroyave et al., 2016; 
Sheals et al., 2002). Glyphosate sorption had a negligible effect on 
goethite surface hydration (Fig. S4) that implies glyphosate displaced 
little water from the goethite surface upon sorption. In contrast, the 
adsorption of peptide onto goethite appears to be coupled to water 
displacement at the interface, as suggested by a pronounced decrease in 
vibrational bands associated with goethite’ interfacial water (Fig. S4). 

Peptide sorption onto goethite is highlighted by FTIR spectra 
through increasing signals of amide II (backbone in-plane δ(NH) and 
ν(CN), ≈1580–1500 cm−1), amide III (in-phase backbone δ(NH) and 
ν(CN), ≈1400–1225 cm−1) and ν(CN) (≈1072 cm−1) bands with time 
(Fig. 3c, Table S1) (Barth and Zscherp, 2002; Roach et al., 2005; Tamm 
and Tatulian, 1997). Compared to peptide in solution, sorbed peptide 
C–H (≈1200 cm−1) and δCOH/νCO (≈1150 cm−1) vibrations decreased 
in relative intensity, but while δCOH/νCO vibrations shifted to higher 

frequency (≈1138 to ≈1150 cm−1), C–H vibrations did not. Although 
the intensity and frequency of the δ(CH2)proline vibration (≈1465 cm−1) 
did not seem to change upon peptide sorption, the δas(CH3) vibration 
(≈1440 cm−1) all but disappeared. These changes to the spectra suggest 
the peptide interacted with the goethite surface through functional 
groups present in its backbone, as well as through the side chains of 
serine and threonine (COH functionalities) (Fig. 1b) via H-bonds. In 
particular, CH3 functional groups of side chains of leucine and valine 
appeared to point away from the hydrophilic goethite surface upon 
sorption. A decrease in signal intensity and increase broadening of the 
amide I band is however observed with sorption time (Fig. 3c). Since 
bandwidth is a measure of conformational freedom (i.e., flexible struc
tures have broader bands compared to rigid structures) (Barth and 
Zscherp, 2002), broadening of the amide I band suggests changes in 
peptide conformation occurred during sorption (Yang et al., 2022; Yang 
et al., 2021). As discussed below, deconvolution of the amide I band 
revealed conformational changes to the peptide upon sorption onto 
goethite did occur. In contrast to the glyphosate-goethite interaction, 
peptide sorption on goethite was coupled to a decrease in surface hy
dration (decreased intensity of the ν(H–O–H) vibration at ≈3186 
cm−1; Fig. S4) which likely results from a higher proportion of the 
peptide being probed, instead of water, relative to background spec
trum. Sorption can then be understood to result from retention of a 
weakly or non-polar molecule (i.e., the peptide) at a hydrophilic surface 
(i.e., goethite) where surface hydration energy (surface-water interac
tion) is insufficient to counter the water-water bonding energy that 
forces the molecules out of solution. This is known as the hydrophobic 
effect - the tendency of water to exclude non-polar molecules from so
lution - and it is considered to be entropy-driven (Adamson and Gast, 
1997). Entropic contributions from surface dehydration have been 
observed in peptide and protein sorption studies that further suggest the 

Fig. 2. Solution ATR-FTIR spectra (a) of glyphosate, glyphosate + peptide, and peptide. Vertical dashed lines in (a) indicate selected vibrations in the glyphosate +
peptide spectrum that arise from glyphosate (indigo) and the peptide (green). Overlaid NMR TOCSY (b) and 2D-ROESY (c, d) of peptide (black) and peptide +
glyphosate (red). (b) The HN-Hα region of the TOCSY spectrum. Letter-number labels in (b) denote specific amino acids corresponding to the amino acid sequence 
(Fig. 1) in structural alphabet (SA) format: PLPVSLGPPLPSSAPSSTK. (c, d) Selected regions from the 2D-ROESY spectrum showing peaks arising from protons at or 
near the positive charged C-terminal end of the peptide. 

B. Azimzadeh et al.                                                                                                                                                                                                                             



Science of the Total Environment 912 (2024) 169264

6

peptide interacts with the goethite surface through electrostatic and H- 
bond interactions (Schmidt and Martínez, 2016; Touzeau et al., 2021; 
Yang et al., 2022) while at the same time been excluded from bulk water 
by the hydrophobic effect. Given the lack of interaction between 
glyphosate and the peptide in solution, the glyphosate + peptide sorp
tion ATR-FTIR spectra can be interpreted as the result of competition 
between glyphosate and the peptide for the goethite surface. Sorption 
experiments with solutions containing glyphosate + peptide showed 
spectral features that indicate both glyphosate (e.g., P–O–Fe at ≈985 
cm−1, νs(COO−) at ≈1400 cm−1) and the peptide (e.g., amide II at 
≈1555 cm−1, C–H at ≈1200 cm−1) sorbed onto goethite (Fig. 3d, 
Table S1) and that this was a dynamic process (Fig. 3b). Shifts in peak 
position as well as changes in peak intensity and bandwidth were 
however apparent and suggest interfacial species formed from glypho
sate + peptide solutions differ from those of solutions containing either 
glyphosate or the peptide. Narrowing of the amide I band (≈1700–1600 
cm−1) of sorbed glyphosate + peptide at equilibrium compared to sor
bed peptide at equilibrium (Fig. 3d) and solution glyphosate + peptide 
spectrum (Fig. 3b) indicated the presence of glyphosate at the goethite 
surface induced changes to the peptide conformation or structure (Barth 
and Zscherp, 2002). Broadening and a shift of the amide II band 
(backbone in-plane δ(NH) and ν(CN)) to higher frequency (Fig. 3b) 
suggested the formation of H-bonds between the peptide and the 
goethite surface; still, the observed decrease in intensity suggested 
glyphosate limits their interaction (Fig. 3d) (Barth and Zscherp, 2002; 
Colthup, 2012). In glyphosate + peptide-goethite, the C–H vibration of 
sorbed peptide (≈1200 cm−1) was initially absent but emerged during 
sorption (Fig. 3b). In contrast to peptide-goethite, the δ(CH2)proline vi
bration (≈1465 cm−1) of the peptide occurred at a lower frequency upon 
glyphosate + peptide sorption (Table S1) whereas the δas(CH3) vibration 

(≈1440 cm−1) was present in glyphosate + peptide-goethite. It is likely 
the peptide in glyphosate + peptide also formed H-bonds with goethite 
through the side chains of serine and threonine (δCOH/νCO at ≈1150 
cm−1), however, this is difficult to demonstrate due to overlap with the 
glyphosate-goethite ν(P––O) vibration (Fig. 3d). Although the peptide in 
glyphosate + peptide-goethite seems to interact with the surface in ways 
similar to those in peptide-goethite (i.e., H-bonds with backbone and 
side chains), we suggest sorption of additional peptide conformers in 
glyphosate + peptide-goethite account for the observed differences in 
spectral features (e.g., amide I and δas(CH3) of leucine and valine). As 
with the peptide, sorption of glyphosate + peptide appears to displace 
water from goethite (Fig. S4), further suggesting the formation of H- 
bonds at the interface (Touzeau et al., 2021; Yang et al., 2022). More
over, comparison of the ν(P–O) region (≈1175–950 cm−1) of glypho
sate and glyphosate + peptide indicated shifts in peak positions and 
changes to peak intensities and bandwidths occurred in the presence of 
the peptide (Fig. 3a, b, d; Table S1). Comparison of relative ratios of 
peaks at ≈1082 cm−1 (ν(P–O–Fe)M-H + ν(PO2)OS) and ≈1016 cm−1 

(νas(P–O–Fe)B/M) indicates a preference for the formation of mono
nuclear monodentate (M) and outer-sphere (OS) glyphosate complexes 
in glyphosate + peptide-goethite over binuclear bidentate (B) or 
mononuclear monodentate in glyphosate-goethite (Fig. 3d) (Azimzadeh 
and Martínez, 2024; Yan and Jing, 2018). This analysis suggests the 
phosphonate group of glyphosate tends to form outer-sphere complexes 
with goethite when the peptide is present at the surface. It is therefore 
possible that the peptide modulates glyphosate sorption mechanism 
onto goethite by competing for surface sorption sites and that compe
tition is determined by the hydrophobic effect (Adamson and Gast, 
1997) and by steric shielding effects where the charged groups on 
glyphosate are seemingly weakened or spatially shielded by the less 

Fig. 3. ATR-FTIR spectra from sorption experiments at the goethite interface representing the time evolution (1.5 to 27 min) of spectral features for (a) glyphosate, 
(b) glyphosate + peptide and (c) peptide, with corresponding solution spectra (blue lines). (d) Sorption equilibrium spectra of glyphosate (top), glyphosate + peptide 
(middle), and peptide (bottom). Asterisks in (d) indicate selected vibrations in the glyphosate + peptide spectrum that arise from glyphosate (red) and the pep
tide (green). 
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charged sorbed peptide (Day et al., 1997). Once at the goethite surface, 
glyphosate and the peptide do not appear to interact to any significant 
degree. 

3.3. Sorption kinetics 

The sorption kinetics of glyphosate and the peptide onto goethite 
were followed using the absorbance of the inner-sphere νP–O–Fe 
(≈985 cm−1) vibration of glyphosate and that of the amide II (≈1555 
cm−1) vibration of the peptide (Fig. 4). These vibrational modes were 
selected since they are distinct to glyphosate and the peptide, and their 
peak heights can be easily quantified. Three sorption kinetic models 
were tested: pseudo-first order (PFO), pseudo-second order (PSO) and 
Elovich. Description of sorption kinetic models, linearized sorption ki
netic rate plots (Fig. S5) and resulting kinetic parameters (Table S2) can 
be found in the supplementary information. The sorption rate equations 
tested are typically used to describe surface controlled sorption kinetics 
(i.e. sorption rates limited by interfacial energetic barriers) and consider 
the sorption capacities of solids (Plazinski et al., 2009). Surface-related 
energetic restrictions have been suggested as the primary limitations on 
sorption rates of proteins (Schmidt and Martínez, 2016). Under experi
mental conditions, sorption kinetics from glyphosate, peptide, and 
glyphosate + peptide solutions were well described by the pseudo- 
second-order sorption kinetic model (high R2, low RMSE, visual in
spection) and reached pseudo-equilibrium conditions within 5–20 min 
(Figs. 4, S5). The PSO model represents a kinetic order of two with 
respect to the number of available sorption sites, for example, proton
ated and deprotonated hydroxyls at the hydrophilic goethite surface 
(pHpzc = 8.4 ± 0.2) (Ho, 2006; Plazinski et al., 2009). We can in prin
ciple compare the effect of the peptide on glyphosate inner-sphere 
sorption kinetics since the νP–O–Fe vibration only arises upon 
glyphosate sorption; likewise, the amide II band only arises upon sorp
tion of the peptide (Plazinski et al., 2009). Note however the rate con
stants determined represent observed rate constants under the 
experimental conditions tested. 

As clearly illustrated in Fig. 4a, the peptide hinders the formation of 
inner-sphere νP-O-Fe bonds between glyphosate and goethite, with ≈80 
% reduction at equilibrium (Fig. S6). The peptide therefore seems to 
block surface reaction sites that would otherwise be available to 
glyphosate even though the strength of glyphosate-goethite (inner- 
sphere) and peptide-goethite (outer-sphere) sorption mechanisms are 
presumed to differ. In addition to steric shielding effects (Day et al., 
1997), energetic considerations can explain the reduction in glyphosate 
inner-sphere sorption since the molecule with the lower activation en
ergy for sorption (from ΔH, enthalpy, considerations; e.g., H-bonding of 
the peptide) is expected to preferentially sorb (Aharoni and Tompkins, 
1970). Furthermore, the hydrophobic effect increases the entropy (ΔS) 
of the system upon peptide sorption while entropy contributions to 
glyphosate sorption are likely negligible (Adamson and Gast, 1997). The 

observed PSO rate constant (k2) for the formation of νP–O–Fe bonds 
between glyphosate and goethite was higher in the presence of the 
peptide (k2 = 807.9 ± 162.9 a.u.−1 min−1) compared to that in its 
absence (k2 = 296.4 ± 21.4 a.u.−1 min−1). This increase in observed rate 
constant likely results from reduced sorption of glyphosate from 
glyphosate + peptide solutions (qe = 2.3 × 10−3 (a.u.) for glyphosate 
and 4 × 10−4 (a.u.) for glyphosate + peptide) that reached equilibrium 
after 5 min (Plazinski et al., 2009). Similarly, the presence of glyphosate 
reduced the extent of peptide interactions with the surface, albeit to a 
lesser degree (≈30 % reduction at equilibrium) (Figs. 4b, S6). Glypho
sate, however, had a smaller and opposite effect on the observed sorp
tion rate constants of the amide II band of the peptide, with k2 = 887.9 
± 178.9 a.u.−1 min−1 for glyphosate + peptide and k2 = 983.7 ± 133.3 
a.u.−1 min−1 for the peptide. It has long been interpreted that lower rate 
constants in binary systems express the condition of simultaneous 
sorption where each molecule competes for the available sorption sites 
(Aharoni and Tompkins, 1970). Since the k2 value for νP–O–Fe (296.4 
a.u.−1 min−1) is about three times smaller than that for amide II (983.7 
a.u.−1 min−1) in single systems, it appears differences in interfacial en
ergetic barriers for the formation of glyphosate-goethite and peptide- 
goethite complexes dictate sorption preference (Aharoni and Tomp
kins, 1970; Plazinski et al., 2009). Plotting of [glyphosate νP–O–Fe/ 
peptide amide II] peak height ratios with time in glyphosate + peptide 
experiments (Fig. S6) revealed a decrease from ≈1.75 at 1.5 min to 
≈0.75 at ≥3 min further highlighting a distinction in sorption behavior 
where the peptide outcompetes glyphosate for reaction sites at the 
goethite surface. A previous co-sorption study with glyphosate and 
aquatic DOM also found an increase in DOC:glyphosate-C ratio (≈17) 
upon sorption on goethite compared to the same ratio in solution 
(≈11.4) (Day et al., 1997). These authors used these parameters to 
justify surface competition and shielding models and to conclude that 
DOM sorption affinity for goethite was much greater than that of 
glyphosate. Furthermore, they found the DOM adsorbed onto goethite 
consisted almost entirely of the hydrophobic fraction, with the hydro
philic fraction remaining in solution. Their results agree with our find
ings that the goethite surface becomes more hydrophobic upon peptide 
sorption, and that increased hydrophobicity lowers glyphosate sorption. 
Evidence for increase in surface hydrophobicity upon peptide sorption 
are CH3 vibrations that point away from the surface and entropic con
tributions from surface dehydration. 

3.4. Conformational changes to the secondary structure of the peptide 

Deconvolution of the amide I FTIR band was used to quantify 
changes in the peptide secondary structure in solution and during 
sorption, both in the absence and presence of glyphosate. Results of 
these analyses are shown in Fig. 5 while examples from deconvolution of 
spectra are presented in Fig. S7 and position of peak components with 
tentative secondary structure assignments are detailed in Tables S3 and 

Fig. 4. Sorption kinetic plots for (a) glyphosate νP–O–Fe (at ≈985 cm−1) and (b) peptide amide II (at ≈1555 cm−1) vibrational modes. Plots represent experiments 
with glyphosate (glyp) and peptide (pept) individually (black circles) and in combination (glyp + pept, blue squares). Pseudo-second order (PSO) kinetic models for 
each series are depicted by lines of corresponding color. 
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S4. Small peptides are often highly flexible, and the amide bands asso
ciated with different secondary structural elements in peptides can 
therefore show deviations from those observed with large water-soluble 
folded proteins (Goormaghtigh et al., 2006). Fundamental understand
ing of peptide and protein conformations (Nelson and Cox, 2021; Pal, 
2019; Stryer et al., 2019) as well as previous publications (Barth, 2007; 
Roach et al., 2005; Tamm and Tatulian, 1997) informed our secondary 
structural assignments. Extended β-strands represent a section of the 
peptide chain (typically 3–10 amino acids long) with backbone in an 
extended conformation. β-strands refer to conformations that result 
from intramolecular interactions within the peptide chain as well as 
from processes during which peptide molecules associate into larger 
species consisting of multiple peptide chains (intermolecular in
teractions) (Zapadka et al., 2017). Peptide chains can interact to form 
amorphous or structured β-strands. The formation of β-strands (amor
phous and structured) might occur in solution or might be induced by a 
solid surface. Hydrogen bonds and hydrophobic interactions may pro
mote the formation of structured β-strands thus increasing their stability 
and lowering their energy. We consider structured β-strands are re
flected by peak components at low frequency whereas amorphous 
β-strands occur at high frequency (Zapadka et al., 2017). Random coils 
are polymer conformations where the amino acid residues are free to 
randomly sample many conformations (i.e., an unstructured peptide 
chain), and while they do not represent one precise shape, in the pres
ence of specific, stabilizing interactions, the polymer can prefer one 
conformation over all others (Goormaghtigh et al., 2006; Zapadka et al., 
2017). In contrast, β-turns afford a special relation between structure 
and residue type, with five amino acid residues (aspartic acid, glycine, 
proline, asparagine, serine) seen more often than all others in β-turns 
(Pal, 2019; Stryer et al., 2019). In β-turns, the C––O of one amino acid is 
H-bonded to the N–H group of an amino acid three residues away. 
Among the 19 amino acid residues present in the peptide, 12 of them (6 
proline, 5 serine, 1 glycine) are prone to form β-turns (Fig. 1). 

Based on amide I FTIR analyses, the secondary structure of peptide 
molecules in solution was determined to include structured β-strands 
(~37 %), random coils (~25 %), β-turns (~35 %), and amorphous 
β-strands (~3 %) (Fig. 5a). These results are consistent with model 
outputs of the predicted secondary structure of the peptide chain in 
solution using PEP-FOLD3 (Lamiable et al., 2016), where β-turns and 
random coil conformations are apparent (Fig. S8). However, deconvo
lution of the amide I band also indicates the peptide forms β-strands in 
aqueous solution suggesting the solution does not exclusively contain 
peptide monomers (Yang et al., 2022). The presence of glyphosate in 
solution resulted in an increase in structured β-strands (~51 %) and a 
decrease in β-turns (~21 %) with no substantial differences in the 

structural content of random coils (~24 %) and amorphous β-strands 
(~4 %) (Fig. 5b). These changes suggest the presence of glyphosate 
promoted the formation of intermolecular interactions among peptide 
chains that increased the proportion of structured β-strands while 
reducing the peptide intramolecular interactions and thus the propor
tion of β-turn structures (Yang et al., 2022). These changes involve the 
formation and rupture of H-bonds. 

Consistent with FTIR results, structural analysis of the peptide using 
1H NMR chemical shifts of the α-CH protons identified extended 
β-strand, random coil, and β-turn structural components (Fig. 6). The 
peptide sample without glyphosate was used to assign 1H resonances 
and to characterize the secondary structure of the major conformation of 
this peptide. Since no significant peak changes were observed after 
addition of glyphosate to the peptide, this characterization also applies 
to the peptide in the presence of glyphosate. Based solely on these ΔδHα 

values, residues 4–10 are classified as β-strand. A β-turn involving the N- 
terminal acetyl group and residues 1–3 (acetyl-PLP) appears to be pre
sent, based on the −1,+1 pattern (Wishart et al., 1992). Notably, a 
β-turn is defined by the phi-psi torsion angles of the central two residues 
only, without restriction on the phi-psi values of the flanking residues. 
The remaining residues (11–19) are classified as random coil. The 
random coil designation can also contain transient β-turn conforma
tions. Since the PolyProline type II helix (PPII) is difficult to distinguish 
from the extended β-strand by NMR, it is likely that parts of the N-ter
minal half of this peptide adopt the PPII conformation. Notably, the two 
methyl groups of Leu6 show distinct chemical environments as do the 
two Hαs of Gly7, indicating a more stable structure in this region. One 
observed difference between the peptide and peptide + glyphosate is an 
overall ~20 % reduction in peak intensities when glyphosate is present. 
This loss of signal could result from formation of large aggregates with 
rotational rates too slow for detection by NMR, and would be consistent 
with the FTIR findings if formation of these aggregates involved con
version of random coil to extended β-strand. 

Results also indicated peptide-goethite surface interactions modified 
the secondary structure of the peptide, compared to that of the peptide 
in solution (Fig. 5a). Throughout the sorption process, reduced contri
butions from structured β-strands (~44 to ~10 %) and random coils 
(~33 to ~25 %) were observed while the contribution from amorphous 
β-strands remained relatively constant (~5–10 %). Accompanying these 
changes was a continuous increase in β-turn content from ~20 to ~56 
%. Although peptide-goethite sorption reached a pseudo-equilibrium 
condition within ~15 min (Fig. 4b), the sorbed peptide continued to 
change towards a more compact structure with more β-turns (Figs. 3c, 
5a, S6). At experiment’s end, a net decrease in β-strands (~20 %) and an 
increase in β-turns (~56 %), compared to peptide in solution (~40 % 

Fig. 5. Amide I curve fitting results for (a) peptide and (b) glyphosate + peptide spectra throughout the sorption process (symbols with connecting lines) and in 
solution (horizontal dashed lines of corresponding color). Peptide secondary structure assignments are: A, structured β-strands; B, random coils; C, β-turns; D, 
amorphous β-strands. 
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β-strands, ~35 % β-turns), suggest a surface-induced rupture of inter
molecular H-bonds among peptide chains and a preference for sorption 
of more compact peptide conformers that simultaneously promote H- 
bond formation between the peptide and the goethite surface. Our 
structural analyses are indeed in agreement with sorption mechanisms 
where time-resolved ATR-FTIR spectra (Fig. 3) indicate the formation of 
H-bonds between C–OH functionalities of side chains of serine and 
threonine and goethite (Liu et al., 2022). Observed conformations are 
consistent with the most frequently found conformations (i.e., β-turn 
and random coil) reported for a 17-residue (Yang et al., 2022) and for a 
5-residue (Touzeau et al., 2021) peptide sorbed onto hydrophilic sur
faces. In addition, changes to H-bond networks have been observed 
where intramolecular peptide interactions that induce a more compact 
conformation are favored (Touzeau et al., 2021; Yang et al., 2022; Yang 
et al., 2021). 

Competitive sorption studies (glyphosate + peptide) at the goethite 
interface revealed further changes to the peptide secondary structure 
occurred during sorption, which stabilized after ≈15 min (Fig. 5b). At 
experiment’s end, compared to glyphosate + peptide in solution, the 
content of β-turns (~24 %) and amorphous β-strands (~2.5 %) was 
similar, while the content of structured β-strands was lower (32 %) and 
that of random coils was higher (~40 %) in glyphosate + peptide- 
goethite. As with peptide-goethite interactions, the goethite surface in 
glyphosate + peptide promoted the partial disruption of intermolecular 
H-bonds among peptide chains in favor of H-bond formation with the 
surface. Sorbed peptide conformations however differed in the presence 
and absence of glyphosate, with preference for random coils and 
structured β-strands in glyphosate + peptide-goethite and for β-turns in 
peptide-goethite (Fig. 5). Although glyphosate had a small effect on the 
position of peak components for peptide in solution and sorbed onto 
goethite (Table S4), corresponding component peak positions decreased 
considerably in sorption spectra compared to solution spectra thus 
indicating the goethite surface had a greater effect on the secondary 
structure of the peptide. A lower frequency of component peak position 
indicates lower energy, which can be interpreted as higher stability 
through the formation of H-bonds with the goethite surface. Overall, the 
shared effect of glyphosate (i.e., in solution and at the surface) was a 
reduction in β-turn structures accompanied by an increase in structured 
β-strands whereas that of the goethite surface was a reduction in struc
tured β-strands (Fig. 5). The combined effect of glyphosate and goethite 
on the native peptide solution conformation was the formation and 
sorption of random coils that enhance the fraction of peptide molecules 
that undergo molecular spreading over the surface. We posit adoption of 

a random coil conformation permits the displacement of water mole
cules from the interface that increases the entropy of the system with a 
concomitant decrease in free energy (Palafox-Hernandez et al., 2014; 
Walsh and Knecht, 2017). 

4. Conclusions 

Organic molecules can be retained by a mineral surface through 
inner-sphere (e.g., ligand exchange) and outer-sphere (e.g., H-bonding, 
electrostatic) interactions, a situation that can be predicted for most 
metal oxide minerals such as goethite. Glyphosate and peptide sorption 
behavior (extent, kinetics, interfacial species) in binary systems 
(glyphosate + peptide) differ from that in single systems (Fig. 7), a result 
of competition for goethite sorption sites. Changes in goethite’ surface 
charge and abundance of active sites during the adsorption process, as 
well as the hydrophobic effect that promotes peptide sorption, most 
likely alter glyphosate and peptide sorption dynamics. Co-sorbed pep
tide is expected to lower goethite’ positive surface charge (Azimzadeh 
and Martínez, 2024), thus promoting the formation of glyphosate outer- 
sphere and mononuclear inner-sphere species while reducing the extent 
of glyphosate sorption (Fig. 7). We also observe that upon sorption, both 
in the presence or absence of glyphosate, the peptide adopts confor
mations that seem to facilitate contact with the goethite surface via H- 
bonds. It is perhaps this ability to change conformation that provides the 
peptide a competitive advantage over glyphosate for sorption at the 
goethite surface. Furthermore, sorption of peptide conformers that cover 
more of the surface seems to limit glyphosate sorption. 

Overall, the presence of the peptide weakened glyphosate-goethite 
interactions (outer-sphere favored, inner-sphere hindered) whereas the 
presence of glyphosate limited peptide-goethite sorption. The results 
thus highlight potential effects the addition of organic contaminants, 
such as glyphosate, might have for the availability of nutrients (e.g., 
nitrogen) since peptides (and proteins) are a substantial N source in 
soils, but only a fraction of the sorbed biopolymer is bioavailable. In a 
sense, glyphosate’ behavior is similar to the behavior of root exudates 
(low-molecular-weight organics) where their release may prevent or 
decrease peptide sorption, or may enhance the solubility and bioavail
ability of N-containing biomolecules from soil particle surfaces. The 
experimental results have significant implications regarding the 
mobility and transport of glyphosate in terrestrial environments. 
Experimental results presented here indicate biomolecules present in the 
soil aqueous phase (i.e., DOM components such as peptides) have the 
capacity to outcompete glyphosate for retention at mineral surfaces. 

Fig. 6. Peptide secondary structure from NMR Chemical Shift Index. The location and identity of secondary structure are shown above a plot of the Chemical Shift 
Index value for Hα protons versus amino acid sequence. 
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Sorption and accumulation of glyphosate in soils should therefore be 
considered a transient and reversible process where reactions with soil 
components create a reservoir with slow-release capability, which leads 
to the frequent and widespread detection of glyphosate and is a route to 
surface and groundwater contamination. 
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and blue arrows represent adsorption of glyphosate and peptide molecules through P–O and amide II moieties, respectively. The width of the arrows indicates the 
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Appendix A. Supplementary data 

Description of sorption kinetic models, 4 tables, 9 figures, and ref
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