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Integrin targeting of glyphosate
and its cell adhesion modulation
effects on osteoblastic MC3T3-E1
e« cells revealed by label-free optical
P Tt e 1SING
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. This study is a discovery of interesting and far reaching properties of the world leading herbicide active
ingredient glyphosate. Here we demonstrate the cell adhesion-modifying characteristics of glyphosate
affecting cellular interactions via Arg-Gly-Asp (RGD)-dependent integrins. This conclusion was

. supported by the observations that a glyphosate surface coating induced integrin-specific cell adhesion,

. while glyphosate in solution inhibited cell adhesion on an RGD-displaying surface. A sensitive, real-

. time, label-free, whole cell approach was used to monitor the cell adhesion kinetic processes with

. excellent data quality. The half maximal inhibitory concentration (1Cs,) for glyphosate was determined

© tobe 0.47 £ 0.07% (20.6 mM) in serum-free conditions. A three-dimensional dissociation constant of

. 0.352mM was calculated for the binding between RGD-specific integrins in intact MC3T3-E1 cells and
soluble glyphosate by measuring its competition for RGD-motifs binding, while the affinity of those
RGD-specific integrins to the RGD-motifs was 5.97 uM. The integrin-targeted affinity of glyphosate was
proven using competitive binding assays to recombinant receptor av33. The present study shows not

. only ligand-binding properties of glyphosate, but also illustrates its remarkable biomimetic power in

. the case of cell adhesion.

. Cell adhesion is the fundamental process in tissue development by which cells form contacts with each other or
: with their substratum through specialized protein complexes. Although cells express various cellular adhesion
. molecules (such as cadherins, members of the immunoglobulin superfamily, syndecans, integrins, and selectins),
. the integrin transmembrane heterodimeric receptors are the most studied family and play an important role in
. cell-cell and cell-extracellular matrix (ECM) interactions. Divergence of the integrin subunits provides a basis of
* their versatility in initiating cell adhesion processes'. Certain integrins are quite specific in their ligand-binding
. properties for the common Arg-Gly-Asp (RGD) tripeptide sequence of the ECM proteins. Integrin-ligand inter-
© actions activate many critical signal transduction pathways. Therefore, targeting of integrins may interfere with
. normal cellular functions and play critical roles in modulating cellular processes including proliferation, migra-
* tion, differentiation and survival®.
Toxicants can affect cellular processes through receptors, ion channels, enzymes, binding proteins or cytoskel-
eton molecules and thus may alter normal functioning of the cell. Different xenobiotics can cause a wide vari-
. ety of biological effects, acute toxicity, immunological reactions, disturbances in the hormonal homeostasis
. through non-genotoxic mechanisms>* or cancer through genotoxicity®. Several studies have showed impacts
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of xenobiotics on cellular signalling, cell plasticity, adhesion and migration®, and due to its expanding use as
an agricultural and household herbicide, glyphosate (N-(phosphonomethyl)glycine) has come into the focus of
toxicity studies. Although glyphosate is an organophosphonate, similarly to organophosphate insecticides, has
been shown to undergo enzymatic biodegradation e.g. by microorganisms including Agrobacteria”®. Numerous
studies have indicated in vitro toxicity of glyphosate and its formulated products on various cells, as well as
in vivo toxic effects on a wide range of organisms from ecotoxicity indicator organisms to man. Recent studies
showed cytotoxicity of glyphosate on various cell lines including human fibroblast (GM38) and human fibrosar-
coma (HT1080) cells’, human epithelial type 2 (HeLa contaminant) cells (Hep-2)'?, embryonic kidney (HEK293)
and human hepatoma (HepG2) cells!!, human epithelial keratinocyte cells'?, human choriocarcinoma (JEG3)
cells'"3, NE-4C: murine stem cell-like neuroectodermal cells'¥, human chorioplacental (JAr) cells'®, human
hematopoietic Raji cells (Epstein-Barr virus transformed human lymphocytes)', and murine osteoblastic cell
line (MC3T3-E1)".

Exposure of rat hippocampal pyramidal cells to glyphosate at 2-6 mg/ml caused neuronal abnormalities'®, and
glyphosate absorption across Caco-2 epithelial cell tissues indicated neurotoxicity-related saturable glyphosate
uptake through epithelial transporter enzyme activity in an ATP- and Na*-independent manner, not competed
by specific amino acids or transporter inhibitors'®. At concentrations of 0.09-1.7 mg/ml it caused DNA damage in
leucocytes such as human peripheral blood mononuclear cells, and trigger DNA methylation in human cells®. It
also showed inhibition of aromatases, key enzymes in steroid hormone biosynthesis*!, and its teratogenic effects
on vertebrates were linked to the retinoic acid signaling pathway?>?*. Moreover, glyphosate-based herbicides
exerted even stronger toxicity e.g., Roundup Transorb caused thyroid hormone homeostasis imbalance in male
rats®,

Currently, cytotoxicity studies are based mainly on conventional end-point methods with long preparation
and incubation procedures, many of them are using labels and easily confined by high cost and low-throughput.
Development of biosensor techniques and their application work out in different areas, including cytotoxicity
studies, is becoming of growing significance. Especially, whole cell-based sensors become extremely important
due to their possibility to measure comprehensive and functional effects of different xenobiotics. Biosensors,
as rapid, sensitive, and low-cost screening techniques, are applicable in clinical diagnosis and in monitoring
of environmental pollutants as well. In the past years, the evanescent filed-based surface sensitive resonant
waveguide grating (RWG) biosensor Epic BenchTop (BT) has been proven as a useful method for real-time,
high-throughput, and label-free detection of cell adhesion, spreading and signalling events based on measuring
of dynamic mass redistribution within a 150 nm range on the sensor surface*-2,

Recently, we suggested an approach for the feasibility of using the RWG technology for the analysis of integ-
rin-ligand interactions by measuring the kinetics of cell adhesion®’. The proposed fast and non-invasive screen-
ing tool uses intact cells, is applicable for label-free screening of potential pharmaceutical compounds, and it
can also be useful in studying the effects of xenobiotics on cell adhesion processes. In this approach, a change in
the resonant wavelength of the guided light occurs when cells adhere and spread on the sensor surface until an
adhered cell monolayer is formed. A signal is detected as a shift in the resonant wavelength (A\), the magnitude
of which is proportional to the area of the sensor covered by spread cells and the local refractive index incre-
ment inside the evanescent field*-3. Cell adhesion molecules and complexes are located in the evanescent field
~150 nm above the sensor surface, thus contribute to the local refractive index shift. Therefore, non-adhering
cells, which are located in the bulk assay medium outside of the evanescent field, are not detected by the biosensor
and are excluded from the measurement. In our previous study'” on adhered MC3T3-E1 cells we found that the
shape of glyphosate-treated cells became elongated and glyphosate caused cell detachment by a yet undeciphered
mechanism. A similar effect was reported by Elie-Caille and co-workers on a HaCaT keratinocyte cell line*>.
On the basis of our previous results we assume that the mechanism of these induced changes in cell morphology
are likely to progress through interaction with cell integrin receptors. In the present study, we examine the impact
of glyphosate on cell adhesion processes by using the Epic BT technique and assess differences in its affinity to
RGD-specific integrins in intact MC3T3-E1 cells compared to those of RGD-motifs.

Results and Discussion

Toxic effects of environmental chemicals can lead to passive (necrosis) or active (apoptosis) cell death, and the
integrated cellular events of which, induced by given xenobiotics, are readily detected with biosensor techniques.
In our previous study'” addition of glyphosate at concentrations of 0.4% and above caused complete detachment
of entire MC3T3-E1 cell layers from the sensor surface, while lower concentrations resulted in modified cell
morphology of adhered cells on the surface. These attachment-modifying characteristics indicate influences on
adhesion processes possibly though affecting cellular interactions with cell-adhesion proteins. However, glypho-
sate has not been reported previously to act as a ligand for integrins. To confirm that glyphosate behaves as a cell
integrin ligand, we performed cell adhesion assays on RGD-displaying polymer (well-known to promote cell
adhesion) and glyphosate surfaces using the Epic BT technique.

Adhesion on RGD density tuned surfaces and integrin—-RGD dissociation constant in living
MC3T3-E1 cells. To characterize the adhesion of MC3T3-E1 cells on RGD-displaying biomimetic surfaces,
the dependence of the kinetics of the adhesion process on the surface density of RGD was determined using
RGD surface density tuned sensor surfaces. Table 1 summarizes the calculated data for the copolymer mix-
tures used for RGD-tuning, regarding the estimated molar surface density of the RGD ligands, ligand-to-ligand
distances, and numbers of ligands per unit area in each composition applied. The ratio of the RGD moieties
on the surface was adjusted using a mixture of poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) and
PLL-g-PEG-RGD. The composition of the PLL-g-PEG component was PLL(20)-g(3.5)-PEG(2) (hereafter PP),
while that in the RGD-containing component was PLL-g-PEG/PEGGGGGYGRGDSP (PLL-g-PEG-RGD-12%
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0 0 0 0
0.125 0.0086 150 52
0.25 0.0171 106 103
0.5 0.0343 75 206

1 0.0685 53 413

2 0.1371 37 825

4 0.2742 26 1651
10 0.6854 17 4127
25 1.7135 11 10319
50 3.4270 8 20637
100 6.8539 5 41274

Table 1. Volume percent (Q) of 1 mg/ml PPR in the mixed solutions of copolymers and calculated subsequent
molar surface density of RGD-motifs (ppgp), ligand-to-ligand distance (dggp_rgp)> and numbers of ligands per
unit area (Vggp)-

[PLL(20)-g(3.5)-PEG(2.3)/PEG(3.4)-RGD]) (hereafter PPR). Thus, the copolymer PP:PPR was composed
of several molecular moieties of different molecular weights (MWs): PLL (MW: 20 kDa) grafted with short
non-functionalized PEG (MW: 2kDa) and long PEG (MW: 3.4kDa) terminated with RGD-motif**. The molecu-
lar weight of the copolymer (MW pp.ppr) was calculated using following equation®:

MW, ;1
PLLZ[(1 — P)MWpgg + P - MWpppl,

MWpp.ppr = MWpp, +
Wiy & (1)

where P =12% is the fraction of functionalized PEG per copolymer. Thus MWpp.ppr Was determined to be
88.4kDa. The surface density of the RGD-motif (ppgp) was calculated from copolymer composition?3¢:

_ r Q NLys P
Prop = w100 g
'PP-PPR g (2)

where I'is the mass of the copolymer adsorbed to the Nb,O; sensor surface, reported to be 184 ng/cm?*, Q is the
volume percent of the PPR moieties in the mixture with PP, N;, ;=96 is the average number of Lys units per PLL
backbone, and g=3.5 is the number of Lys units per PEG chain (grafting ratio). The estimated ligand-to-ligand
distance (dggp_rgp)> assuming hexagonal distribution of the ligands on smooth surface®, is obtained from:

p 21
RGD-RGD = | >
3 Prep " Na (3)

where N, =6.022 x 10®? mol ! is Avogadro’s number. The numbers of ligands per unit area (vggp) were calculated
from ligand surface density (ppgp) by multiplying it with Avogadro’s number.

MC3T3-E1 adhesion appeared to proportionally increase with the RGD-motif surface density, ppgp. This
process occurred to be slightly affected by preosteoblast cells showing a limited adherence capability to the
non-adhesive PP surface. Such non-specific adhesion to the assumedly protein-repellent PP surface has been
reported for several cell types, including osteoblast cells®, and has been attributed to incomplete surface coverage
by PP due to small defects in the PEG-brushes. To assure that adhesion assessments reflect only integrin-specific
binding to RGD-motifs in the calculations, the background due to non-specific binding to PP was subtracted
from the biosensor responses.

The two-dimensional dissociation constant for integrin-RGD binding (*°K;) was obtained from the fitting of
the biosensor signal at saturation level (AX,,,,) as a function of the average number of ligands per unit contact
area (Vpgp). Thus, in logistic non-linear fitting, supposing the binding of a given integrin ligand proceeds on a
single integrin binding site as an equimolar process and there is no cooperativity for the binding of ligand?**,
DK (ppry Was found to be 359.6 £ 62.1 pm 2 with an adjusted R? value of 0.972 (Fig. 1).

The *PK constant provides information about the equilibrium of the surface-bound ligand and intact cell
integrin as a planar adhesion process. It can be easily converted to a three-dimensional dissociation constant
(®°Ky) in solution:

g _ Ky

R “
where h is the confinement length®, representing the cell-substrate separation distance of 100 nm?. The estimated
value of *PK} (ppg, for the affinity of the RGD-specific integrins in the intact MC3T3-E1 cells and RGD-motifs was
found to be 5.97 uM. This value shows nearly 5-fold higher affinity for RGD-motifs to RGD-specific integrins of
embedded in the membrane of MC3T3-E1 cells, than that previously reported for HeLa cells*. We believe, this is
in connection with the type of integrins expressed by the two cell types, being a more diverse population in case
of the preosteoblast cells**-*2.
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Figure 1. Ligand concentration-dependence of the biosensor response. The curve indicates a two-dimensional
dissociation constant (?°Ky ppgy) for the binding between PPR and RGD-specific integrins embedded in the
cell membrane to be 359.6 +62.1 um~2 Each data point represents the mean =+ standard deviation (SD) of the
average value of data obtained in single experiment, in triplicates (n=3).
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Figure 2. Glyphosate-provoked adhesion of MC3T3-E1 cells in 20 mM HEPES HBSS, pH 7.4. (a) Biosensor
signals recorded during MC3T3-E1 cell addition onto the surface containing different concentrations of
glyphosate. Data represent the mean = SD (clouds around the curves) of the data obtained in triplicates (n = 3).
The phase contrast images (scale bar: 50 pm) show cells on the biosensor surfaces right after the Epic BT
measurements. (b) Kinetics of MC3T3-E1 cell adhesion to 0.1% glyphosate (blue) and PP:PPR (pink).

Cell adhesion assay on glyphosate-containing surfaces — comparison to the adhesion on
RGD-containing surface. The kinetics of MC3T3-E1 cells adhesion in the wells of the Epic cell assay
microplate (Fig. 2) indicate a considerable effect of glyphosate on the cell adhesion process. It is known, that
cell adhesion to an uncoated sensor surface under serum-free conditions is a non-specific process showing
adsorption-like kinetics (Fig. 2a, green curve). Surprisingly, at a concentration of 0.1% glyphosate enhanced
cell adhesion compared to the control cells, and in the case of its low concentrations (0.1-0.4%) a sigmoid-like
response was obtained (Fig. 2a). Note, the sigmoidal shaped kinetics is a typical characteristics of receptor medi-
ated cell adhesion events?»?. Microscopy images also confirm that cells adhered to the surface treated with
glyphosate had more spread shape than the control cells on uncoated surface (Fig. 2a). Normal cell structures
were detected in control cells by phase contrast microscopy, while notable vacuolization was found in the cells on
glyphosate-containing surface.

As evidenced by the experiments, cell adhesion is gradually suppressed at higher glyphosate concentrations
(0.4-1.7%) (Fig. 2a, red and black curves). This phenomenon, manifested in the damping of the sigmoid curve, is
likely to be caused by sensor surface saturation with glyphosate and subsequent increasing occurrence of the com-
pound in the solution. This effect leads to a blockage of cell adhesion probably due to non-adsorbed glyphosate.
At a concentration of 1.7% no cell adhesion signal was detected (Fig. 2a, black curve).

Based on this data, we suppose that adsorbed glyphosate reproduces a biomimetic surface and enhances cell
adhesion. Nevertheless, glyphosate molecules in solution effectively block the integrin receptors of the cells and
decrease cell adhesion ability. To verify this hypothesis, (i) the effects of surface-bound glyphosate on cell adhe-
sion were compared to that of the known adhesion motif RGD; (ii) the strength of binding of glyphosate to the
sensor surface was tested; and (iii) the effect of soluble glyphosate at increasing concentrations on cell adhesion
were assessed (see below) on RGD displaying polymer surfaces.
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Figure 3. Kinetics of MC3T3-E1 cell adhesion on sensor surfaces with various coating conditions. No surface
coating (green); wells incubated with 0.2% glyphosate for 30 min and then rinsed three times with buffer before
adding the cells (blue); cell adhesion to 0.1% glyphosate coating (pink). Data represent the mean =+ SD (clouds
around the curves) of the data obtained in triplicates (n = 3). The phase contrast images (scale bar: 50 pm) show
cells on the biosensor surfaces right after the Epic BT measurements.

Comparing the biosensor signal obtained upon cell adhesion to 0.1% glyphosate coating with that to an
RGD-motif displaying surface (knowing to promote cell adhesion) indicates that the two processes show similar,
almost identical kinetics (see Fig. 2b). Biosensor responses were normalized to the maximal signal obtained on
the biosensor surface covered with the given substance: AXN(£)/ AN o Where AX(#) indicates the actual change
in the resonant wavelength of the guided light belonging to cell adhesion to the given substance on the surface (s)
and time point (¢), and AN, .., indicates the maximal wavelength shift recorded for cell adhesion with the given
substance on the biosensor surface. The results support the new concept that glyphosate may act, by a yet uniden-
tified mechanism, as an integrin ligand that promotes surface adhesion of cells.

To compare binding affinity to integrin, molecular amounts of glyphosate and RGD-motifs in PP:PPR
adsorbed onto Nb,O; biosensor surface were liken. In the optimized surface modification protocol 500 pug/ml
PP:PPR was applied, corresponding to the RGD molar surface density of 3.4270 pmol/cm? and 20637 ligands/pm?
(see Table 1). The quantity of surface adsorbed glyphosate in case of 0.1% (that results in a sigmoid curve, technically
identical to that obtained with 500 pg/ml of PP:PPR) without washing was measured to be 4 ng/cm?, corresponding
to a molar surface density 17.53 pmol/cm? and 105180 ligands/pum?. Based on these results an average intermolecular
distance between glyphosate molecules was calculated to be 3.3 nm by using Eq. 3. This surface density is completely
in line with the above hypothesis, an averaged RGD-RGD distance below 10 nm leads to strong sigmoidal
shaped cell adhesion?**, and maximum spacing between the ligands to induce cell adhesion was reported to be
about 70 nm for MC3T3 cells*’. Moreover, the biosensor surface may facilitate functional orientation of glyphosate
molecules involving cation binding thus, stabilizing glyphosate in more efficient position for cell adhesion.

To check if glyphosate could be irreversibly adsorbed on the surface, it was incubated on the sensor surface
for 30 min at room temperature, and then the surface was rinsed three times with 20 mM HEPES HBSS, pH 7.4.
In this case the sensor response to cell adhesion showed adsorption-like kinetics (almost identical to the signal
on the uncoated surface) indicating that glyphosate has predominantly been washed off from the sensor surface
with intense rinsing (Fig. 3).

Cell adhesion inhibition assay and integrin—glyphosate dissociation constant in living
MC3T3-Elcells. The whole cell Epic BT biosensor approach to determine the affinity of ligands to cell adhe-
sion receptors®, developed and applied previously to identify the half maximal inhibitory concentration (ICs)
for echistatin®’, was employed here to detect the cell adhesion process under the impact of glyphosate. First, the
sensor surfaces were coated with an RGD-motif-displaying PP:PPR film. Then, MC3T3-E1 cells were preincu-
bated with glyphosate at different concentrations, these suspensions were pipetted onto the sensor surfaces, and
inhibition of the cell adhesion process was determined using the Epic BT instrument. All biosensor responses
were normalized to the maximal signal of the negative control (A ()/ AN .- Where AN (t) indicates the actual
change in the resonant wavelength of the guided light belonging to the given glyphosate concentration (c) and
time point (), and A Ay .., indicates the actual change in the resonant wavelength of the guided light belonging to
0 glyphosate concentration (0) at t > 60 min of cell adhesion). The results illustrate a dose-dependent decrease in
cell adhesion in response to preincubation of the cells with glyphosate (Fig. 4). In the presence of an inhibitor, cell
adhesion is decreasing due to integrin blocking®, resulting in reduction in the maximal biosensor signal (Fig. 4a).
The flat kinetic curve indicates that the spreading of MC3T3-E1 cells was completely blocked by preincubation
with 1.7% glyphosate. The Epic BT signals in the different measurements were analysed and compared by nor-
malizing data of each single well to the appropriate negative control well (Fig. 4b). The half maximal inhibitory
concentration (IC,,) value was calculated as a combined value from four separate experiments.

The binding between RGD-specific integrins in the intact MC3T3-E1 cells and soluble glyphosate is a com-
petition at a single site for RGD-motifs binding. The estimated value of the *"Kj (g shosate) fOr the binding of cell
integrins and glyphosate was calculated to be 0.352 mM by using equation from Cheng and Prusoff**:
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Figure 4. The effect of glyphosate on MC3T3-E1 cell adhesion onto PP:PPR surface in the Epic BT assay.

() Typical spreading curves obtained after MC3T3-El cells were exposed by preincubation to glyphosate at
different concentrations. (b) Concentration-dependence of the biosensor response indicating a half maximal
inhibitory concentration (ICs) of 0.47 & 0.07% (20.6 mM). Each data point represents the mean & SD of the
average value of data obtained in four experiments, in triplicates in each experiment (n=12), for each
concentration.

3DK _ Icso
d(glyphosate) — [RGD]

P gioer) (5)

where ICsg (giyphosate) 1S the half maximal inhibitory concentration for glyphosate (20.6 mM), [RGD] is the con-
centration of RGD on the sensor surface (assuming a confinement length of 100 nm for the RGD moieties yields
[RGD] =0.343mM), and *PKy (ppg, is the dissociation constant in solution for the binding between PPR and
RGD-specific integrins embedded in the cell membrane, its value obtained for MC3T3-E1 cells is 5.97 x 10> mM
(see Eq. 4).

Moreover, the above determined dissociation constants — 352 pM - can be compared to related literature val-
ues of dissociation constants of various integrin ligands. The work of Kapp et al.* summarizes the most typical
integrin ligands and their binding strengths to various integrin types, and discusses the advantages and disadvan-
tages of measurement on isolated integrins. The low affinity binding - K, values larger than 10 pM - is typical for
integrin ligands and there are several examples in Table 1 of Kapp et al.**. Therefore, the obtained value suggests
the possibility of biological significance. Considering the kinetic parameters of the binding, such a value would
result in a kg range of 10°-10°s~! with typical k,, values of 105103 M~!s~! according to the calculations of
Sanders”’, considering a typical sized ligand.

The explanation of the observed effects of glyphosate on cell adhesion. The results obtained on
the inhibition of cell adhesion by glyphosate explain its concentration-dependent effect observed (see above).
At a concentration of 0.1% (4.38 mM) of glyphosate on the bare sensor surface, a sigmoidal shape spreading
curve of MC3T3-E1 cells is obtained (see Fig. 2). At this concentration glyphosate molecules saturate the sur-
face and promote cell attachment, and glyphosate molecules still remaining in solution cannot block effectively
the adhesion of the cells (see Fig. 5a for schematic explanation). At higher concentrations (0.2-1.7%), however,
glyphosate in the solution can suppress cell adhesion, by saturating cell surface integrins (Fig. 5b), even if glypho-
sate molecules adsorbed to the surface are imitating an RGD pattern (see Fig. 2). At even higher concentrations
(IC5,=9.77mM), glyphosate can drive adhered MC3T3-E1 cells off from the bare sensor surface'’. This effect is
even higher if the MC3T3-E1 cells are preincubated with glyphosate prior to being allowed to come in contact
with the surface they could adhere to. Such preincubation with glyphosate at concentrations nearly 5-fold higher
(ICso=20.6 mM (0.47%)) than those promoting cell adhesion can prevent MC3T3-E1 cell attachment even to
surfaces activated with PP:PPR containing adhesion promoting RGD moieties (Fig. 5¢), as the corresponding
ICs, value (see Fig. 4) is reached. Moreover, glyphosate at 10-fold higher concentrations (about 40 mM, data
not shown) is capable to compete even adhered cells off from a surface modified with PP:PPR (Fig. 5d). Such
concentration-dependent dual effects on cell binding processes are seen not only with glyphosate: cell adhesion
proteins are also known to be capable to become specific inhibitors of their own function if they were bound in
excess to a cellular receptor, and similar concentration-dependent activation and inhibition of cell adhesion has
been seen with glycoproteins capable to bind to integrins (fibronectin, vitronectin). Surface coating with fibronec-
tin at 3 pg/ml (7 nM) was effective in attaching cells, while at 3300-fold higher, 10 mg/ml (23 uM) concentrations
the same soluble ligands inhibited cell adhesion*®.

Therole of inhibition of integrins in cell adhesion and the model explaining the observed effects.
Integrins are a family of adhesion receptors that interact with a variety of extracellular ligands, typically
cell-adhesive proteins in ECM. MC3T3-E1 cells express several integrins, including a2f31, 331, o431, o501,
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Figure 5. Schematic illustration of the working principle of the cell-based biosensor and the concentration-
dependent effects of glyphosate on cell adhesion. (a) MC3T3-E1 cells spread on a sensor surface treated
with 0.1% glyphosate solution. (b) Inhibition of cell adhesion by glyphosate at 0.2-1.7% concentration in the
solution (with complete blockage achieved at 1.7%). (c) Prevention of cell adhesion onto PP:PPR surface by
preincubation of the cells with glyphosate at 0.47% concentration in the solution. (d) Detaching MC3T3-E1
cells adhered to a surface modified with PP:PPR by glyphosate at 0.9% concentration in solution.

631, avi31, and avPB3*% Some integrins are quite specific in their ligand-binding properties for the RGD tripep-
tide sequence of the ECM. The RGD sequence is the active unit of a large number of adhesive extracellular matrix
proteins. It is known that RGD when coated onto a surface promotes cell adhesion, whereas in solution has a
blocking effect on adhesion*”*8. However, the affinity of RGD peptides could be different due to the conformation
and nature of the surrounding amino acids, and is significantly (>1000-fold) lower than that of the proteins from
which it is derived®.

Integrins may play important roles as regulators of apoptosis®’. Among this inhibition of integrin-ligand
interactions, the soluble RGD-based peptides getting to the cell directly may induce apoptosis by direct caspase-3
activation as well®'. However, there are other types of programmed cell death mechanisms, and cells could
undergo anoikis, apoptosis induced by the prevention of cell adhesion®*~>*,

Cell adhesion to ECM requires divalent cations in the medium and each integrin heterodimer contains
several divalent cation binding sites. The bound divalent cations can moderate the integrin function®. The
ligand-binding site in the integrins is at or near a binding site for divalent cations*. The emulated crystal struc-
tures of RGD-liganded av(33 show that divalent cations act as a bridge between ligands and the heterodimeric
integrin, and the glycine residue makes hydrophobic contacts with av*®. The aspartic acid of RGD contributes to
divalent cation binding providing one of the coordination sites®. Although glyphosate bears no obvious struc-
tural similarity to RGD (see Fig. 6), it is a derivative of glycine and is also a strong chelator of Ca*", Mg?*, and of
many other divalent and trivalent metallic cations®*-%.

We hypothesize that the carboxy terminus of glyphosate mimics an aspartic acid in RGD-motif and thus the
integrin and glyphosate can share the cation. In turn, glycine in glyphosate could make a hydrophobic contact
with integrin. Nonetheless, we found that glycine alone could not actually block the integrin receptors or induce
cell adhesion at concentrations of 12.5, 25 and 50 mM (data not shown). Loomis et al. have observed that gly-
cine at concentrations as high as 50 mM can block Dictyostelium cell adhesion through a non-integrin specific
mechanism®!. It should be noted that Dictyostelium cells cannot form integrin mediated focal adhesions, unlike
mammalian cells, where such interactions generate much stronger adhesion to ECM.

These data evidence that glyphosate, under certain conditions, results in integrin blocking, moreover, its dif-
ferential activity in serum and under serum-free conditions is explained. In our recent publication based on cell
detachment measurements, the ICs, value for glyphosate obtained in serum-containing medium was reported
to be 2.98 mM instead of 9.77 mM under serum-free conditions (in buffer)'”. From the present methodology,
based on measuring the kinetics of cell adhesion, the ICs, value for glyphosate in serum-containing medium is
5.7mM (Fig. 7) in comparison to 20.6 mM of inhibition effect under serum-free conditions. This appeared to be
paradoxical, as any toxicant is expected to be less effective in serum-containing medium, as the protein content
in serum can attenuate their inhibitory effect. In light of the current results, however, the increased inhibitory
potential of glyphosate in serum, compared to serum-free conditions, is explained: serum contains numerous
other proteins capable to interact with cellular integrins (e.g. about 220 pg/ml of fibronectin® and 200-300 pg/ml
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Figure 6. Chemical structures of RGD (1) and glyphosate IPA salt (2).
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Figure 7. The effect of glyphosate on MC3T3-E1 cell adhesion in serum-containing medium. (a) Typical
spreading curves obtained after MC3T3-E1 cells were exposed to glyphosate at different concentrations. (b)
Concentration-dependence of the biosensor response indicating a half maximal inhibitory concentration (ICs,)
0f0.13 £0.04% (5.7 mM). Each data point represents the mean =+ SD of the average value of data obtained in
two experiments, in triplicates in each experiment (n=#6), for each concentration.

of vitronectin®). Their miniscule effects (1/10, 10% FBS is applied for serum-containing medium), however,
add up to the inhibitory effect of glyphosate, thus, it can exert effective inhibition at lower concentrations than
under serum-free conditions. A vast amount of data in the scientific literature has been published on the differing
effects of various synthetic and natural peptides on cell adhesion in serum-containing and serum-free condi-
tions?*46475464-72 A wide variety of the applied concentrations of inhibitors — from nano- to millimolar range -
can be explained by not only cell type (and subsequently expressed integrins), surface coating, incubation time,
differences in the affinity of inhibitors, but also by presence or absence of serum during experiments.

Validation of the competitive binding of glyphosate to integrin av(33.  The integrin-targeting
properties of glyphosate was tested in enzyme-linked immunosorbent assay (ELISA) and Epic assay cell-free
formats by measuring the competitive inhibition of the binding of a recombinant av@33 integrin to the RGD
motifs. Integrin av(33 is a receptor for vitronectin, nevertheless recognizes a broad range of RGD-containing
ECM proteins with different rates of specificity. Snake venom disintegrin echistatin, known to bind to av(33 inte-
grin with high affinity, was chosen as a positive control, while tirofiban, with no blocking effect on av33 integrin,
was applied as a negative control.

Data obtained by ELISA and Epic measurements (Fig. 8) clearly indicate concentration-dependent competi-
tive inhibition of the binding of av(33 integrin to the immobilised RGD motifs by glyphosate and echistatin, while
no significant effects caused by tirofiban. Both techniques revealed the integrin-targeting properties of glyphosate
at concentrations at 11 mM and above. The ELISA format appeared to be more sensitive as almost full inhibition
was seeen by glyphosate at 11 mM, and substantial inhibition by echistatin at 20 nM. This may be due to the fact
that all unreacted components are washed out in the ELISA format, while remain in solution in the sensitive vol-
ume and contribute to the assay signal in the Epic assay. In contrast, this slight disadvantage is far compensated
in the Epic technique by providing results of the same trends, by not requiring immunoreagents for detection and
by its simplicity in the assay protocol.
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Figure 8. Competitive av33 integrin binding assay with (a) ELISA (b) Epic BT: Solutions of integrin were
co-incubated with the corresponding compounds (glyphosate, echistatin, tirofiban) in the RGD-coated wells
of the ELISA or biosensor microplates, and integrin binding to the RGD motifs on the surface was detected.
Signals obtained were corrected for the non-specific background (assay signal without integrin or compound
addition) and were normalised for assay signals obtained with uninhibited integrin (control). Data are shown
as a mean £ SD of at least triplicates (n =3-6). Statistical analysis was performed with the Graph Pad Prism
program. Asterisks indicate significant differences from the control (p < 0.0001).

Conclusions

From the present study we can conclude several ascertainments. First, MC3T3-E1 cells can adhere to the glypho-
sate adsorbed on the sensor surface, showing ligand-specific kinetics. Second, soluble glyphosate significantly
reduces the MC3T3-E1 cells adhesion via blocking RGD-specific integrins in a concentration-dependent man-
ner, as also validated by cell-free integrin binding assays in both ELISA and Epic formats. Third, it is unknown
whether and how glyphosate may interfere with the cellular behaviours provoked by the integrin-ECM interac-
tion in MC3T3-E1 cells.

Based on the results obtained we suggest that glyphosate could interact as a ligand with RGD-specific
cell integrins. Glyphosate adsorbed to the surface induced cell adhesion with kinetics similar to adhesion to
PP:PPR-modified surface, and a comparison of the *°K} dissociation constants of glyphosate and RGD indicated
that approximately 58-fold times more glyphosate molecules than RGD-motifs are required per sensor surface unit
to obtain the same cell adhesion kinetics. It means, that glyphosate in a molar surface density of 17.53 pmol/cm?
could trigger same cell adhesion kinetic like RGD-motif at 0.3 pmol/cm? (in equivalent to approximately 26 nm
RDG-RGD distance). Preincubation of the cells in the presence of increasing concentration of glyphosate in
solution resulted in a dose-dependent inhibition of cell adhesion to PP:PPR-modified surface. Indeed, biosensor
measurements revealed that glyphosate forms an instable film, it can be completely removed by intense washing
with glyphosate free solution, and cell adhesion identical to the adhesion obtained on the bare surface is seen.

Finally, possible physiological consequences of glyphosate being capable to block cell adhesion by mimicking
integrin ligands should also be considered. The cytotoxic effects of glyphosate on apoptosis via oxidative stress by
forming reactive oxygen species have been widely discussed in the scientific literature. Our results on its inter-
ferences with cellular adhesion processes suggest that it may trigger anoikis, as a special form of apoptosis. Such
interactions can lead to physiological alternations e.g., bone resorption, abnormal tissue or organ development,
decayed immunofunctions or anomalies in processes where cell adhesion plays an essential role.

Methods

Chemicals. All chemicals and reagents were obtained from Sigma-Aldrich Chemie GmbH (Schelldorf,
Germany), unless stated otherwise. Glyphosate (in form of its isopropylammonium salt) analytical standard used
was Pestanal grade, from Riedel-de Haén (Seelze, Germany). A stock solution glyphosate was prepared freshly
in 20 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) HanK’s balanced salt solution (HBSS)
buffer or in serum-containing cell culture medium, the pH was adjusted to pH 7.4, and solution was filtered
through a filter (0.22 pm).

Epic BT biosensor technique. The biosensor measurements were performed using 96- or 384-well Epic
cell assay microplates (#5080, #5040, Corning Incorporated, Corning, NY, USA) interrogated by a table top Epic
BT instrument (Corning Incorporated, Corning, NY, USA). The bottom of each well of the microplate contains
an RWG-based optical biosensor, which consists of a waveguiding layer of Nb,O; supported by a corrugated
glass substrate. The corrugation acts as an optical grating and incouples the incident light into the waveguide
layer, exciting the so-called waveguide mode. Upon excitation of the waveguide mode, an evanescent field with
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a penetration depth of 150 nm is created. The intensity of the evanescent filed decays exponentially with the dis-
tance from the sensor surface. The characteristic wavelength, at which the waveguide mode and evanescent field
is created, is called the resonant wavelength. By changing the local refractive index inside the evanescent field,
the resonant wavelength shifts to a new value. Proteins and living cells have a refractive index larger than that of
the aqueous media; therefore, their adsorption or adhesion at the sensor surface shifts the local refractive index
and detunes the resonant wavelength. The biosensor signal, the shift in the resonant wavelength, is monitored
in real-time, thus not only the adhesion event and its magnitude, but also its kinetics can be followed. Each well
of the microplate operates as separate sensors, therefore the microplate allows 96 or 384 parallel measurements
by scanning the wavelength between 825 and 840 nm in every 3 s. The distribution of the resonant wavelength is
imaged in each well by a high speed complementary metal oxide semiconductor camera’>’%,

Preparation of the biosensor surface with biomimetic coating for cell adhesion studies. The
synthetic copolymers, poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG, [PLL(20)-g(3.5)-PEG(2)]) (here-
after PP) and its RGD-functionalized counterpart, PLL-g-PEG/PEGGGGGYGRGDSP (PLL-g-PEG-RGD-12%
[PLL(20)-g(3.5)-PEG(2.3)/PEG(3.4)-RGD]) (hereafter PPR) were obtained as powder from SuSoS AG
(Diibendorf, Switzerland) and were stored at —20 °C until use. The stock solutions of 1.0 mg/ml PP and PPR
were prepared in 10 mM HEPES (pH 7.4) and sterile-filtered. Surface coating with different concentration of
RGD-motifs and PLL-g-PEG (hereafter PP:PPR) was created by mixing the two 1 mg/ml stock solutions in dif-
ferent ratios, than 50 ul (for 96-well plate) or 30 ul (for 384-well plate) of this mixture was added to the prewetted
wells of Epic biosensor plate and incubated for 30 min at room temperature on the shaking machine. Reagent
excess was removed by rinsing the surface three times with 20 mM HEPES HBSS, pH 7 4.

Cell culture. The osteoblastic cell line MC3T3-E1 (93021013, Sigma-Aldrich Chemie GmbH, Schelldorf,
Germany) was maintained in a-modified minimal essential medium (o-MEM, M4526, Sigma-Aldrich
Chemie GmbH, Schelldorf, Germany), supplemented with 10% fetal bovine serum (Biowest SAS, France), 2
mM L-glutamine, 100 U/ml penicillin and 100 ug/ml streptomycin solution. Cells were cultured in a humidified
atmosphere containing 5% CO, at 37 °C. On reaching 80% confluence, cells were detached every 3-4 days using
0.05% (w/v) trypsin, 0.02% (w/v) EDTA solution and not used beyond passage 20.

For the experiments, MC3T3-E1 cells were removed from tissue culture dishes using a trypsin-EDTA. Trypsin
digestion was terminated by the addition of completed medium and the harvested cells were centrifuged at
200 x g for 5min. The cell pellet was resuspended in assay buffer (20 mM HEPES HBSS, pH 7.4) for serum-free
conditions or in serum-containing cell culture medium.

Epic cell adhesion assay on RGD-tuned surfaces. Coatings of a 96-well Corning Epic assay microplate
with mixtures of PP and PPR synthetic copolymers at different PP:PPR ratio (v/v %, from 0 to 100% of PPR) were
prepared as described earlier?®. Upon surface modification, stable baselines were established in the wells with
50 ul of 20 mM HEPES HBSS, pH 7.4. MC3T3-E1 cells were harvested and 100 pl of cell suspension containing
8000 cells in assay buffer were added to the sensor wells. For buffer controls, all wells were coated with appropriate
copolymers and then cell-free assay buffer was added. All measurements were replicated at least three times at
room temperature. The averaged response of cell adhesion on the antifouling PP surface was used for background
correction.

Epic cell adhesion assay on glyphosate-containing surface. Prior to addition of the cell suspensions,
a baseline was recorded in the wells of the Corning Epic cell assay microplate for 1h with 25 pl of glyphosate
solutions at different concentrations or in appropriate assay medium (as negative control), without previous sur-
face modifications. Upon stable baselines had been established for all wells, the MC3T3-E1 cells were harvested
and 25 pl of cell suspension containing 8000 cells in assay medium were added to the wells using an electronic
16-channel pipette Finnpipette™ Novus (Thermo Fisher Scientific, Waltham, MA, USA) in stepping mode.
Biosensor responses were recorded for 1h. All treatments were replicated at least three times within each exper-
iment at room temperature, and experiments (with serial concentration series) were repeated 3-5 times. The
averaged response of the cell-free solution was used for background correction.

Epic cell adhesion inhibition assay. 384-well Corning Epic assay microplate was coated with PP:PPR
(1:1) as described above and then a baseline was recorded in the wells for 1h in 20 pl 20 mM HEPES HBSS, pH
7.4. After the stable baselines had been established for all wells, the MC3T3-E1 cells were harvested and solu-
tions containing glyphosate at varying concentrations were added to the cell suspension, resulting in a final cell
density of 8000 cells/well. Then 30l of cell suspensions were seeded into the wells and biosensor responses were
recorded for 1h. Untreated MC3T3-E1 cells were used as negative cgutrol in the experiments. Reagent addition
was performed using an electronic 16-channel pipette Finnpipette Novus in stepping mode. All treatments
were replicated at least three times within each experiment at room temperature, and the whole experiments were
repeated 3-5 times.

Calculation of surface adsorbed mass of glyphosate from the Epic BT biosensor data. The reso-
nant wavelength shift (AX (pm)) recorded by the biosensor can be transformed to surface adsorbed mass (ng/cm?)
by using the calibration equation of Orgovan et al.”*. It should be noted that, the equation in** is valid for polyelec-
trolyte solutions with a refractive index increment of dn/dc =0.1955 cm®/g. The refractive index values of glypho-
sate solutions were determined at room temperature using a Rudolph J157 table top refractometer (Rudolph
Research Analytical, Hackettstwon, NJ, USA). The refractive index increment of glyphosate dn/dc obtained was
0.2051 cm?/g. Therefore, the adsorbed mass can be calculated from the Epic BT data by the following modified
calibration equation:
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where AM is the surface adsorbed glyphosate mass (ng/cm?), and AX is the measured wavelength shift (in pm).

Phase contrast microscopy. Following Epic measurements cells were visualized in microplates using a
Zeiss Axio Observer.Z1 microscope (Carl Zeiss AG, Oberkochen, Germany) with a 20x objective. Phase contrast
images were captured and analysed using the AxioVision software (Carl Zeiss AG).

Competitive Epic integrin binding assay. The receptor binding assays were performed in 384-well
Corning Epic assay microplates. The sensor surface was coated with 250 ug/ml PP:PPR (1:1) mixture in 10 mM
HEPES pH 7.4 as above. Solutions of echistatin (to final concentrations of 20 and 40 nM), glyphosate (to final con-
centrations of 1.1 uM, 110 uM, 11 mM, and 22 mM), and tirofiban (to a final concentration of 500 nM) were added
to the biosensor wells (20 ul/well). Upon stable baselines had been established for all wells in the Epic instrument,
20 pl of awvP3 integrin (R&D Systems, Minneapolis, MN, #3050-AV) solution was added from a 384-well source
plate to the biosensor microplate (at a final concentration of 4 ug/ml) using an electronic 16-channel pipette
Finnpipette™ Novus and biosensor responses were recorded for 1 h at room temperature. Obtained biosensor
data were corrected to the background (coated wells with buffer) and normalised to the averaged signal of the
integrin binding without inhibitor (control).

Competitive enzyme-linked immunosorbent assay. ELISAs were carried out in high-capacity 96-well
microplates (Nunc, Roskilde, DK, #442404). Plates were coated overnight at 4 °C with 100 pl/well of 250 ug/ml
PPR in 10mM HEPES (pH 7.4). Thereafter, plates were washed three times with PBS-Tween buffer (137 mM NaCl,
2.7mM KCl, 10mM Na,HPO,, 2mM KH,PO,, 0.01% Tween 20, pH 7.4) and blocked for 1 h at room temperature
with 150 pl/well of Tris-BSA buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, 1 mM MnCl,,
pH 7.5, 1% BSA). Upon subsequent three washing steps with PBS-Tween buffer, soluble integrin avi33 (2.0 ug/ml)
and integrin inhibitors in Tris-BSA buffer added in volumes of 50 ul/well each were incubated in the coated wells
for 1 h at room temperature. Subsequently, the plates were washed three times with PBS-Tween buffer and then
100 pl/well of the primary antibody (mouse anti-human CD51/61, BD Biosciences) in Tris-BSA buffer at 2 ug/
ml was added and incubated for 1h at room temperature. After washing tree times with PBS-Tween, 100 ul/well
of the secondary horseradish peroxidase (HRP)-conjugated antibody (anti-mouse IgG-HRP) in Tris-BSA buffer
at 1 ug/ml was added and incubated for 1 h at room temperature. After three washing steps with PBS-Tween
buffer, the detection of HRP was performed using 100 pl/well of 1.2 mM of hydrogen peroxide as a substrate
with 1.2mM of 3,3/,5,5'-tetramethylbenzidine as a chromophore in 0.5 M citrate buffer (pH 5.0). Upon sufficient
colour development (after 10-60 min), the enzymatic reaction was stopped by the addition of 50 pl/well of 4N
sulphuric acid, and colour intensities in the wells were read at 450 nm in endpoint mode using a SpectraMax iD3
Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA). Obtained immunoassay data were cor-
rected to the background (coated wells with buffer) and normalised to the averaged signal of the integrin binding
without inhibitor (control).

Statistical analysis. The shifts in the resonant wavelength, as the main signals detected in the Epic BT
assay, were determined in at least three parallel treatments in each experiment, and all values are presented
as mean =+ SD. Statistical analyses were carried out for all treatments either on the Epic BT assay signals or on
their values normalised to the negative control of the given experiment. Obtained data were analysed by using
GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA) or Origin 8.5 (OriginLab Corp., Northampton, MA,
USA). Concentration dependence was assessed by non-linear fit using sigmoid calibration curves on the basis of
the four parameter logistic regression equation’. Statistical significance determination of the integrin binding
results was performed with one-way ANOVA with statistical significance set to a p < 0.05.

Data Availability
The data generated or analysed during this study are available from the corresponding author on reasonable
request.

References
1. Hynes, R. O. Integrins: Versatility, modulation, and signaling in cell adhesion. Cell 69, 11-25 (1992).
2. Meredith, J. E. & Schwartz, M. A. Integrins, adhesion and apoptosis. Trends Cell Biol. 7, 146-150 (1997).
3. Omiecinski, C. J., Vanden Heuvel, J. P, Perdew, G. H. & Peters, J. M. Xenobiotic metabolism, disposition, and regulation by
receptors: From biochemical phenomenon to predictors of major toxicities. Toxicological Sciences 120, (2011).
4. Henkler, F. & Luch, A. Adverse health effects of environmental chemical agents through non-genotoxic mechanisms. J. Epidemiol.
Community Heal. 65,1-3 (2011).
. Penning, T. M. Chemical Carcinogenesis. (Humana Press). https://doi.org/10.1007/978-1-61737-995-6 (2011).
6. Barouki, R. & Coumoul, X. Cell migration and metastasis markers as targets of environmental pollutants and the Aryl hydrocarbon
receptor. Cell Adhes. Migr. 4,72-76 (2010).
7. Vemanna, R. S. et al. Aldo-keto reductase enzymes detoxify glyphosate and improve herbicide resistance in plants. Plant Biotechnol.
J. 15, 794-804 (2017).
8. Castro, A. A, de, Prandi, I. G., Kuca, K. & Ramalho, T. C. Enzimas degradantes de organofosforados: Base molecular e perspectivas
para biorremediagdo enzimatica de agroquimicos. Ciéncia e Agrotecnologia 41, 471-482 (2017).
9. Monroy, C. M., Cortés, A. C,, Sicard, D. M. & De Restrepo, H. G. Citotoxicidad y genotoxicidad en células humanas expuestas in
vitro a glifosato. Biomédica 25, 335 (2005).
10. Manas, E. et al. Genotoxicity of glyphosate assessed by the comet assay and cytogenetic tests. Environ. Toxicol. Pharmacol. 28, 37-41
(2009).

w

SCIENTIFICREPORTS|  (2018) 8:17401 | DOI:10.1038/541598-018-36081-0 11


http://dx.doi.org/10.1007/978-1-61737-995-6

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

47.

Benachour, N. & Séralini, G.-E. Glyphosate Formulations Induce Apoptosis and Necrosis in Human Umbilical, Embryonic, and
Placental Cells. Chem. Res. Toxicol. 22, 97-105 (2009).

Heu, C,, Elie-Caille, C., Mougey, V., Launay, S. & Nicod, L. A step further toward glyphosate-induced epidermal cell death:
Involvement of mitochondrial and oxidative mechanisms. Environ. Toxicol. Pharmacol. 34, 144-153 (2012).

Mesnage, R. et al. Evaluation of estrogen receptor alpha activation by glyphosate-based herbicide constituents. Food Chem. Toxicol.
108, 30-42 (2017).

Székécs, 1. et al. Environmental and Toxicological Impacts of Glyphosate with Its Formulating Adjuvant. Int. J. Agric. Biosyst. Eng. 8,
219-224 (2014).

Young, M. B., Oh, B. K., Lee, W., Won, H. L. & Choi, J. W. Study on orientation of immunoglobulin G on protein G layer. Biosens.
Bioelectron. 21, 103-110 (2005).

Townsend, M. et al. Evaluation of various glyphosate concentrations on DNA damage in human Raji cells and its impact on
cytotoxicity. Regul. Toxicol. Pharmacol. 85,79-85 (2017).

Farkas, E. et al. Label-free optical biosensor for real-time monitoring the cytotoxicity of xenobiotics: A proof of principle study on
glyphosate. J. Hazard. Mater. 351, 80-89 (2018).

Coullery, R. P, Ferrari, M. E. & Rosso, S. B. Neuronal development and axon growth are altered by glyphosate through a WNT non-
canonical signaling pathway. Neurotoxicology 52, 150-161 (2016).

Xu, J. et al. The role of L-type amino acid transporters in the uptake of glyphosate across mammalian epithelial tissues. Chemosphere
145, 487-494 (2016).

Kwiatkowska, M. et al. The impact of glyphosate, its metabolites and impurities on viability, ATP level and morphological changes
in human peripheral blood mononuclear cells. PLoS One 11, 1-13 (2016).

Defarge, N. et al. Co-formulants in glyphosate-based herbicides disrupt aromatase activity in human cells below toxic levels. Int. .
Environ. Res. Public Health 13, (2016).

Lajmanovich, R. C.,, Sandoval, M. T. & Peltzer, P. M. Induction of mortality and malformation in Scinax nasicus tadpoles exposed to
glyphosate formulations. Bull. Environ. Contam. Toxicol. 70, 612-618 (2003).

Paganelli, A., Gnazzo, V., Acosta, H., Lopez, S. L. & Carrasco, A. E. Glyphosate-based herbicides produce teratogenic effects on
vertebrates by impairing retinoic acid signaling. Chem. Res. Toxicol. 23, 1586-1595 (2010).

de Souza, J. S. et al. Perinatal exposure to glyphosate-based herbicide alters the thyrotrophic axis and causes thyroid hormone
homeostasis imbalance in male rats. Toxicology 377, 25-37 (2017).

Orgovan, N. et al. Adhesion kinetics of human primary monocytes, dendritic cells, and macrophages: Dynamic cell adhesion
measurements with a label-free optical biosensor and their comparison with end-point assays. Biointerphases 11, 031001 (2016).
Orgovan, N. et al. Dependence of cancer cell adhesion kinetics on integrin ligand surface density measured by a high-throughput
label-free resonant waveguide grating biosensor. Sci. Rep. 4, 4034 (2014).

Kurucz, L. et al. Label-free optical biosensor for on-line monitoring the integrated response of human B cells upon the engagement
of stimulatory and inhibitory immune receptors. Sensors Actuators, B Chem. 240, 528-535 (2017).

Peter, B., Bosze, S. & Horvath, R. Biophysical characteristics of proteins and living cells exposed to the green tea polyphenol
epigallocatechin-3-gallate (EGCg): review of recent advances from molecular mechanisms to nanomedicine and clinical trials. Eur.
Biophys. J. 46, (2017).

Szekacs, I, Orgovan, N., Peter, B., Kovacs, B. & Horvath, R. Receptor specific adhesion assay for the quantification of integrin-ligand
interactions in intact cells using a microplate based, label-free optical biosensor. Sensors Actuators B Chem. 256, 729-734 (2018).
Ramsden, J. J. & Horvath, R. Optical biosensors for cell adhesion. J. Recept. Signal Transduct. 29, 211-223 (2009).

Orgovan, N. et al. In-situ and label-free optical monitoring of the adhesion and spreading of primary monocytes isolated from
human blood: Dependence on serum concentration levels. Biosens. Bioelectron. 54, 339-344 (2014).

Elie-Caille, C., Heu, C., Guyon, C. & Nicod, L. Morphological damages of a glyphosate-treated human keratinocyte cell line revealed
by a micro- to nanoscale microscopic investigation. Cell Biol. Toxicol. 26,331-339 (2010).

Heu, C., Berquand, A., Elie-Caille, C. & Nicod, L. Glyphosate-induced stiffening of HaCaT keratinocytes, a Peak Force Tapping
study on living cells. J. Struct. Biol. 178, 1-7 (2012).

VandeVondele, S., Vor6s, J. & Hubbell, J. A. RGD-grafted poly-1-lysine-graft-(polyethylene glycol) copolymers block non-specific
protein adsorption while promoting cell adhesion. Biotechnol. Bioeng. 82, 784-790 (2003).

Tosatti, S. et al. Peptide functionalized poly(l-lysine)-g-poly(ethylene glycol) on titanium: resistance to protein adsorption in full
heparinized human blood plasma. Biomaterials 24, 4949-4958 (2003).

Schuler, M. et al. Biomimetic modification of titanium dental implant model surfaces using the RGDSP-peptide sequence: A cell
morphology study. Biomaterials 27, 4003-4015 (2006).

Sanders, C. R. Biomolecular Ligand-Receptor BindingStudies: Theory, Practice, and Analysis. Nashville: Vanderbilt University. 1-43
Available at: http://structbio.vanderbilt.edu/sanders/Binding_Principles_2010.pdf (2010).

Wu, Y., Vendome, J., Shapiro, L., Ben-Shaul, A. & Honig, B. Transforming binding affinities from three dimensions to two with
application to cadherin clustering. Nature 475, 510-513 (2011).

Bell, G. I, Dembo, M. & Bongrand, P. Cell adhesion. Competition between nonspecific repulsion and specific bonding. Biophys. ]. 45,
1051-1064 (1984).

Riikonen, T., Vihinen, P, Potila, M., Rettig, W. & Heino, J. Antibody against Human «131 Integrin Inhibits HeLa Cell Adhesion to
Laminin and to Type I, IV, and V Collagens. Biochem. Biophys. Res. Commun. 209, 205-212 (1995).

Oba, M. et al. Cyclic RGD peptide-conjugated polyplex micelles as a targetable gene delivery system directed to cells possessing avf3
3 and av35 integrins. Bioconjug. Chem. 18, 1415-1423 (2007).

Keselowsky, B. G., Collard, D. M. & Garcia, A. J. Integrin binding specificity regulates biomaterial surface chemistry effects on cell
differentiation. Proc. Natl. Acad. Sci. USA 102, 5953-5957 (2005).

Arnold, M. et al. Activation of Integrin Function by Nanopatterned Adhesive Interfaces. ChemPhysChem 5, 383-388 (2004).
Yung-Chi, C. & Prusoff, W. H. Relationship between the inhibition constant (KI) and the concentration of inhibitor which causes 50
per cent inhibition (I50) of an enzymatic reaction. Biochem. Pharmacol. 22, 3099-3108 (1973).

Kapp, T. G. et al. A Comprehensive Evaluation of the Activity and Selectivity Profile of Ligands for RGD-binding Integrins. Sci. Rep.
7, 39805 (2017).

Yamada, K. M. & Kennedy, D. W. Dualistic nature of adhesive protein function: fibronectin and its biologically active peptide
fragments can autoinhibit fibronectin function. J. Cell Biol. 99, 29-36 (1984).

Hayman, E. G., Pierschbacher, M. D. & Ruoslahti, E. Detachment of cells from culture substrate by soluble fibronectin peptides. J.
Cell Biol. 100, 1948-1954 (1985).

. Lee, M. H. et al. Adhesion of MC3T3-E1 cells to RGD peptides of different flanking residues: Detachment strength and correlation

with long-term cellular function. J. Biomed. Mater. Res. - Part A 81, 150-160 (2007).

. Ruoslahti, E. Rgd and Other Recognition Sequences for Integrins. Annu. Rev. Cell Dev. Biol. 12, 697-715 (1996).

. Hynes, R. O. A reevaluation of integrins as regulators of angiogenesis. Nat. Med. 8, 918-921 (2002).

. Buckley, C. D. et al. RGD peptides induce apoptosis by direct caspase-3 activation. Nature 397, 534-539 (1999).

. Frisch, S. M. Disruption of epithelial cell-matrix interactions induces apoptosis. J. Cell Biol. 124, 619-626 (1994).

. Maltese, W. A. & Overmeyer, J. H. Methuosis: Nonapoptotic cell death associated with vacuolization of macropinosome and

endosome compartments. Am. J. Pathol. 184, 1630-1642 (2014).

SCIENTIFICREPORTS|  (2018)8:17401 | DOI:10.1038/541598-018-36081-0 12


http://structbio.vanderbilt.edu/sanders/Binding_Principles_2010.pdf

www.nature.com/scientificreports/

54. Russo, M. A. et al. A small-molecule RGD-integrin antagonist inhibits cell adhesion, cell migration and induces anoikis in
glioblastoma cells. Int. J. Oncol. 42, 83-92 (2013).

55. Plow, E. E, Haas, T. A., Zhang, L., Loftus, J. & Smith, J. W. Ligand binding to integrins. J. Biol. Chem. 275, 21785-21788 (2000).

56. Xiong, J.-P. et al. Crystal structure of the extracellular segment of integrin alpha Vbeta3 in complex with an Arg-Gly-Asp ligand.
Science 296, 151-155 (2002).

57. D’Souza, S. E. et al. Ligand and cation binding are dual functions of a discrete segment of the integrin 33 subunit: Cation
displacement is involved in ligand binding. Cell 79, 659-667 (1994).

58. Madsen, H. E. L. et al. Stability Constants of Copper(II), Zinc, Manganese(II), Calcium, and Magnesium Complexes of
N-(Phosphonomethyl)glycine (Glyphosate). Acta Chemica Scandinavica 32a, 79-83 (1978).

59. Subramaniam, V. & Hoggard, P. E. Metal Complexes of Glyphosate. J. Agric. Food Chem. 36, 1326-1329 (1988).

60. Caetano, M. S., Ramalho, T. C,, Botrel, D. E, da Cunha, E. E. F. & de Mello, W. C. Understanding the inactivation process of
organophosphorus herbicides: A DFT study of glyphosate metallic complexes with Zn,, Ca,,, Mg, ., Cu,,, Cos,, Fe;, Cr;,, and
Als,. Int. J. Quantum Chem. 112, 2752-2762 (2012).

61. Loomis, W. E, Fuller, D., Gutierrez, E., Groisman, A. & Rappel, W. J.Innate Non-Specific Cell Substratum Adhesion. PLoS One 7
(2012).

62. Mccafferty, M. H. et al. Normal Fibronectin Levels as a Function of Age in the Pediatric Population. Pediatr. Res. 17, 482-485 (1983).

63. Hayman, E. G., Pierschbacher, M. D., Suzuki, S. & Ruoslahti, E. Vitronectin—A major cell attachment-promoting protein in fetal
bovine serum. Exp. Cell Res. 160, 245-258 (1985).

64. Maynard, H. D., Okada, S. Y. & Grubbs, R. H. Inhibition of Cell Adhesion to Fibronectin by Oligopeptide-Substituted
Polynorbornenes. J. Am. Chem. Soc. 123, 1275-1279 (2001).

65. Calvete, J. J., Fox, J. W, Agelan, A., Niewiarowski, S. & Marcinkiewicz, C. The presence of the WGD motif in CC8 heterodimeric
disintegrin increases its inhibitory effect on alphall(b)beta3, alpha(v)beta3, and alpha5betal integrins. Biochemistry 41, 2014-2021
(2002).

66. Amann, K. et al. Beneficial effects of integrin avb3-blocking RGD peptides in early but not late phase of experimental
glomerulonephritis. Nephrol. Dial. Transplant. 27, 1755-1768 (2012).

67. Pierschbacher, M. D. & Ruoslahti, E. Cell attachment activity of fibronectin can be duplicated by small synthetic fragments of the
molecule. Nature 309, 30-3 (1984).

68. Yamada, K. M. & Kennedy, D. W. Peptide inhibitors of fibronectin, laminin, and other adhesion molecules: unique and shared
features. J. Cell. Physiol. 130, 21-8 (1987).

69. Knudsen, K. A., Tuszynski, G. P., Huang, T. F. & Niewiarowski, S. Trigramin, an RGD-containing peptide from snake venom,
inhibits cell-substratum adhesion of human melanoma cells. Exp. Cell Res. 179, 42-9 (1988).

70. Gullberg, D., Terracio, L., Borg, T. K. & Rubin, K. Identification of integrin-like matrix receptors with affinity for interstitial
collagens. J. Biol. Chem. 264, 12686-12694 (1989).

71. Ylanne, J. RGD peptides may only temporarily inhibit cell adhesion to fibronectin. FEBS Lett. 267, 43-45 (1990).

72. Kumar, C. C. et al. Biochemical characterization of the binding of echistatin to integrin av@3 receptor. J. Pharmacol. Exp. Ther. 283,
843-853 (1997).

73. Fang, Y., Ferrie, A. M., Fontaine, N. H., Mauro, J. & Balakrishnan, J. Resonant Waveguide Grating Biosensor for Living Cell Sensing.
Biophys. J. 91, 1925-1940 (2006).

74. Orgovan, N. et al. Bulk and surface sensitivity of a resonant waveguide grating imager. Appl. Phys. Lett. 104, 0-4 (2014).

75. Motulsky, H. J. & Christopoulos, A. Fitting models to biological data using linear and nonlinear regression. GraphPad Software, Inc.,
San Diego, CA https://doi.org/10.1002/sim.2181 (2003).

Acknowledgements

The Authors thank Mrs. Judit Juracsek for her expertise in performing the ELISA integrin binding experiments.
The present work was supported by the Hungarian Academy of Sciences [Lendiilet (Momentum) Program]; the
National Research, Development and Innovation Office (NKFIH) [ERC_HU, KH_17 and NVKP_16-1-2016-
0049 Programs]; and by the Hungarian Scientific Research Fund (OTKA) [grant number K109865].

Author Contributions

R.H. and A. Sz. established the research line and supervised the current work on biosensorics and pesticide
toxicology, respectively. I. Sz. supervised the experiments, E.F. conducted Epic B.T. experiments, B.L.G. and E.T.
conducted ELISA measurements. I. Sz. maintained the cell culture. I. Sz. analysed the data and prepared the
manuscript. A. Sz. and R.H. took part in discussions and data analysis. All authors reviewed and commented the
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018) 8:17401 | DOI:10.1038/541598-018-36081-0 13


http://dx.doi.org/10.1002/sim.2181
http://creativecommons.org/licenses/by/4.0/

	Integrin targeting of glyphosate and its cell adhesion modulation effects on osteoblastic MC3T3-E1 cells revealed by label- ...
	Results and Discussion

	Adhesion on RGD density tuned surfaces and integrin–RGD dissociation constant in living MC3T3-E1 cells. 
	Cell adhesion assay on glyphosate-containing surfaces – comparison to the adhesion on RGD-containing surface. 
	Cell adhesion inhibition assay and integrin–glyphosate dissociation constant in living MC3T3-E1 cells. 
	The explanation of the observed effects of glyphosate on cell adhesion. 
	The role of inhibition of integrins in cell adhesion and the model explaining the observed effects. 
	Validation of the competitive binding of glyphosate to integrin αvβ3. 

	Conclusions

	Methods

	Chemicals. 
	Epic BT biosensor technique. 
	Preparation of the biosensor surface with biomimetic coating for cell adhesion studies. 
	Cell culture. 
	Epic cell adhesion assay on RGD-tuned surfaces. 
	Epic cell adhesion assay on glyphosate-containing surface. 
	Epic cell adhesion inhibition assay. 
	Calculation of surface adsorbed mass of glyphosate from the Epic BT biosensor data. 
	Phase contrast microscopy. 
	Competitive Epic integrin binding assay. 
	Competitive enzyme-linked immunosorbent assay. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Ligand concentration-dependence of the biosensor response.
	Figure 2 Glyphosate-provoked adhesion of MC3T3-E1 cells in 20 mM HEPES HBSS, pH 7.
	Figure 3 Kinetics of MC3T3-E1 cell adhesion on sensor surfaces with various coating conditions.
	Figure 4 The effect of glyphosate on MC3T3-E1 cell adhesion onto PP:PPR surface in the Epic BT assay.
	Figure 5 Schematic illustration of the working principle of the cell-based biosensor and the concentration-dependent effects of glyphosate on cell adhesion.
	Figure 6 Chemical structures of RGD (1) and glyphosate IPA salt (2).
	Figure 7 The effect of glyphosate on MC3T3-E1 cell adhesion in serum-containing medium.
	Figure 8 Competitive αvβ3 integrin binding assay with (a) ELISA (b) Epic BT: Solutions of integrin were co-incubated with the corresponding compounds (glyphosate, echistatin, tirofiban) in the RGD-coated wells of the ELISA or biosensor microplates, and in
	Table 1 Volume percent (Q) of 1 mg/ml PPR in the mixed solutions of copolymers and calculated subsequent molar surface density of RGD-motifs (ρRGD), ligand-to-ligand distance (dRGD–RGD), and numbers of ligands per unit area (νRGD).




