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Highlights

o A real-time label-free biosensor technique for measuring cytotoxicity was developed.

e Effects of herbicide Roundup Classic, its formulant POEA and active ingredient glyphosate
were determined on adhered cells.

e A surface sensitive optical biosensor detects and provides unique information about
cytotoxicity.

e The approach was validated by conventional bioassays.

e Biosensor and cell morphology results are indicative of a certain synergy between glyphosate
and POEA in Roundup Classic.

Abstract

Rapid and inexpensive biosensor technologies allowing real-time analysis of biomolecular
and cellular events have become the basis of next-generation cell-based screening techniques.
Our work opens up novel opportunities in the application of the high-throughput label-free
Epic BenchTop optical biosensor in cell toxicity studies. The Epic technology records
integrated cellular responses about changes in cell morphology and dynamic mass
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redistribution of cellular contents at the 100-150 nm layer above the sensor surface. The aim
of the present study was to apply this novel technology to identify the effect of the herbicide
Roundup Classic, its co-formulant polyethoxylated tallow amine (POEA), and its active
ingredient glyphosate, on MC3T3-E1 cells adhered on the biosensor surface. The half
maximal inhibitory concentration of Roundup Classic, POEA and glyphosate upon 1 h of
exposure was found to be 0.024%, 0.021% and 0.163% in serum-containing medium and
0.028%, 0.019% and 0.538% in serum-free conditions, respectively (at concentrations
equivalent to the diluted Roundup solution). These results showed a good correlation with
parallel end-point assays, demonstrating the outstanding utility of the Epic technique in
cytotoxicity screening, allowing not only high-throughput, real-time detection, but also
reduced assay run time and cytotoxicity assessment at end-points far before cell death would
occur.

Keywords: label-free biosensor, resonant waveguide grating, glyphosate, polyethoxylated
tallow amine, cytotoxicity

1. Introduction

Xenobiotics (such as drugs, pesticides and environmental pollutants) are chemical substances
foreign to the biological systems [1,2]. Adverse toxicity of biologically active substances, e.g.
pesticide active ingredients (among others, amitraz, dichlorvos, and glyphosate) have been
found [3-5], and as novel toxic side-effects are identified, new xenobiotics also become
subject to increasingly strict toxicity assessment. Synthetic chemicals of poor toxicity profile,
approved on the basis of their earlier, less restrictive registration, to date remain in use, as no
replacement substances have yet been found. A herbicide active ingredient glyphosate and its
formulated plant protection product Roundup, having lately been in the focus of vocational
and societal debates in risk assessment, were chosen for the present study to assess its
biological effects on adhered cells by a label-free biosensor technique.

Since its first registration in 1974, glyphosate has widely been applied in agriculture.
Its use has drastically increased during the last three decades, boosted also by the use of
glyphosate-resistant genetically modified (GM) crops [6,7], and by now it is the leading
pesticide active ingredient worldwide [5]. However, the intensive use of pesticide
preparations containing this compound has led to both environmental and health effects. Due
to its increasing chemical load on the environment [7], the presence of glyphosate has been
detected and reported by several studies in soil [8] and surface water [9]. Glyphosate decays
differently in soft and hard water: its half-life is a few weeks in normal water, but may
increase to years in hard water due to complexation with Ca?* ions [10]. Both glyphosate and
its decomposition product aminomethylphosphonic acid (AMPA) present hazard to the
aqueous ecosystem [9]. In ecological response to the exhaustive use of glyphosate-based
herbicides, new glyphosate-resistant weed species have appeared and biodiversity losses
occurred [11]. In addition, increased glyphosate dosages due to resistant weeds or number of
applications on GM crops led to elevated levels of glyphosate residues in the crops treated;
and such herbicide contaminated plants are being used as animal feed or in food production.
In turn, occurrence of herbicide residues were reported in meat produced [12] and in other



foods as well [13]. Human exposure, indicated also by glyphosate residues detected in human
urine [14], may lead to health harms potentially associated with exposure to glyphosate or
formulated glyphosate-based herbicides. Numerous diseases have been hypothesized to be
possibly induced by glyphosate or its herbicide formulations, e.g. renal failure [15], autism
[16], celiac incidence [17], asthma [18], allergy [19], cancer [20], diabetes [15], endocrine
diseases [21], intestinal infection [22] or birth abnormalities [23,24]. Several of these diseases
or disorders are directly related to cellular toxicity, therefore, cytotoxicity to hepatic,
hematopoietic, bone marrow, neuronal, fetal and embryonal, placental and other cell lines has
become a crucial issue in risk assessment of glyphosate and glyphosate-based herbicides [25—
30].

Cytotoxic effects of glyphosate and glyphosate-based herbicides have been mainly
examined with traditional toxicity assays (MTT and cell proliferation tests [31,32], enzyme
activity assays [21,32]). But, classical methods in cytotoxicity assessment are time-
consuming, material- and labor-intensive, predominantly apply labeling, and their ability to
measure in serum-free conditions is limited. Nowadays, the rapid and inexpensive biosensor
technology performed in real-time has become the basis of new-generation cell-based
techniques, applicable with both prokaryotic (bacteria) and eukaryotic (yeast, invertebrate and
vertebrate, mammalian) cells, and capable to indicate organic and inorganic environmental
pollutants including genotoxic, ecotoxic or endocrine disrupting xenobiotic compounds [33—
38]. Biosensors detect cellular responses to a given compound by monitoring interactions
between cell membrane receptors and toxins, cell signaling, cell morphology and cell-surface
interactions, and thus, collect information about the functional state of surface-attached cells.
These changes can be detected by electrochemical (impedimetric [39-41], voltammetric
[42,43], amperometric [44-46], and potentiometric [47,48]) biosensors. These integrated
devices provide analytical information by recognition of biological events involving an
electrochemical transducer [49].

An acoustic sensor setup, quartz crystal microbalance (QCM), has been applied for
drug discovery [50,51], clinical diagnostics [52,53], toxicity assessment [54], monitoring
biochemical and cellular processes [55]. The operating principle of QCM is based on
recording changes in the resonant frequencies of a piezoelectric quartz crystal, proportional to
the mass change at the sensor surface. Simply, mass gains on the crystal due to surface
interactions cause a shift towards lower oscillation frequencies. Advantages of the QCM are
real-time Kinetic information, without the need for labeling, moreover, the method is
inexpensive and easily integrable into portable devices [54].

Another novel non-invasive technique for quantifying cytotoxicity is digital phase
contrast time-lapse microscopy, often called holographic microscopy or HoloMonitor. Today,
the method is available as a small footprint device, easily applicable in a humidified cell
culture incubator. This novel tool is capable to follow cell morphological changes, connected
to important cellular events, including adhesion, proliferation, migration, differentiation, and
death [56,57]. The technique is based on a Mach-Zender interferometer setup using a
reference and an object laser beam. Due to interactions with sample components, a phase
delay occurs in the object laser beam passing through the sample reference to the sample
beam. By interfering the two beams a hologram is created, from which the positions and
shapes of individual cells can be numerically calculated. Therefore, the method allows label-



free recording of three-dimensional (spatial) images of single cells and cell populations. A
limitation is, however, that the process is relatively low throughput and cost per data point is
high, which may represent an important issue for given screening settings [58,59].

Assessment of toxicity of xenobiotics can also be detected optically by employing
surface plasmon resonance [60-64], optical waveguide lightmode spectroscopy [65-67],
photonic crystal biosensor [68-71], and resonant waveguide grating (RWG) [72-75]. These
techniques use an evanescent electromagnetic field to detect refractive index changes at the
sensor surface. The cell-based detection with these techniques is usually limited to a sample
probing depth of ~150 nm, so only the very bottom portion of the cells, in the nearest contact
with the sensor surface, could be sensed. Non-commercialized reverse symmetry waveguide
configurations were demonstrated, however, with larger and tunable probing depths [76,77].

A commercially available RWG optical biosensor, the Epic BenchTop (BT) has
already been proven to be a powerful tool for high-throughput label-free detection of cell
adhesion, spreading and signaling events [72,78-81] in real-time and quantitative evaluation.
RWGs open up opportunities in novel cell toxicity assays, too. This non-invasive technique is
available for high-throughput screening by using 96- or 384-well microplates with a single
optical biosensor in each well [82]. The Epic BT was mainly used for cell and biochemical
measurements [82]. The Epic system measures the integrated cellular events taking place
within the sensing region; changes in cell morphology and in protein redistributions within the
probing depth are often termed as dynamic mass redistribution (DMR) [72]. This versatile
biosensor was chosen to be applied in our study, because it provides detailed information on
the binding affinity [80], kinetics of interactions [78,81] and the biological status of cells (e.g.,
cell viability, cell density, and degree of adhesion) [82].

A current problem in ecotoxicology is that environmental and toxicological
characteristics of formulated pesticides may substantially differ from those of their active
ingredients or other components alone. It has been suggested that certain toxic effects of
glyphosate-containing herbicides were related to the surfactant components of the formulated
products [28,32]. Studies indicate that the surfactant polyoxyethyleneamine or
polyethoxylated tallow amine (POEA), used in some commercial glyphosate-based
formulations, is far more toxic than glyphosate itself [5,32,83,84]. The mechanism of the
toxicity of glyphosate in mammals is unknown, and hypotheses have been disputed.

In the present work, the herbicide product Roundup Classic, its formulant (POEA) and
its active ingredient (glyphosate) were studied on a mammalian osteoblastic cell line
(MC3T3-E1) model using the optical biosensor Epic BT. Cell viability was monitored by
HoloMonitor M4 time-lapse cytometer and Muse Cell Analyzer. Here, we demonstrate for the
first time the efficacy of the Epic BT biosensor method as a label-free screening technique for
rapid quantification of cytotoxicity. This method provides ability to measure whole-cell
responses directly, in real-time, using serum-containing and serum-free environments, and
could be potentially useful for first-step screening of cytotoxic effects of xenobiotics.
Moreover, we subsequently validate the data obtained from the Epic assays with microscopic
and flow cytometric techniques.

2. Materials and methods



2.1. Chemicals

All chemicals and reagents were obtained from Sigma-Aldrich, unless stated otherwise.
Glyphosate (in form of its isopropylammonium salt) analytical standard used was Pestanal
grade, from Riedel-de Haén (Seelze, Germany), Roundup Classic was purchased from public
commercial source, and POEA was received from Lamberti SpA (Albizzate, Italy). A stock
solution of Roundup Classic and equivalent solutions of glyphosate and POEA were 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 if needed, and solutions were filtered through a filter (0.22 um).

2.2. Cell culture

The osteoblastic cell line MC3T3-E1 (93021013 Sigma-Aldrich) was maintained in a-
modified minimal essential medium (a-MEM), supplemented with 10% fetal bovine serum
(FBS, Biowest SAS, France), 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin solution, and 0.25 pg/ml amphotericin B. 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 Epic assay MC3T3-E1 cells were removed from tissue culture dishes using trypsin-
EDTA, counted and diluted in complete growth medium (a-MEM+10% FBS), and were
seeded at 10,000 cells per well in 25 ul into 384-well Epic Cell Assay Microplates (#5040,
Corning Incorporated, Corning, NY, USA). Cells were let attach to the sensor surface for
overnight in a humidified incubator for formation of a confluent monolayer. Following the
overnight incubation, assays in serum-containing medium were carried out in microplates
with attached cells in the complete growth medium being placed in the Epic reader for
measurements. For assays under serum-free conditions, the culturing medium in the
microplate was replaced with 25 pl per well 20 mM HEPES HBSS (pH 7.4) prior to
measurement.

2.3. Epic biosensor technique

All measurements were performed in 384-well Epic cell assay microplates (Corning
Incorporated, Corning, NY, USA). The bottom of each well of the microplate contains a 2x2
mm RWG sensor. The grating areas couple the incident light into a Nb2Os waveguiding layer
and thus, an evanescent optical field decaying exponentially with the distance from the sensor
surface (with a penetration depth of 150 nm) is created. The characteristic wavelength, at
which the resonant evanescent field is created (i.e., the resonant wavelength, 1), is affected by
any changes in the refractive index inside the penetration depth of the TMo mode. Cellular
responses induce refractive index changes and shift the resonance to a new wavelength (A" #
A) resulting in a resonant wavelength shift (AL = A" — A). A\ is proportional to the alteration in
the effective refractive index of the substrate-cell-medium system. These processes can be
followed in real-time with very high resolution. The employed microplate format allows 384
parallel measurements by reading the resonant wavelength between 825 and 840 nm in every



3 s in each well. Moreover, the distribution of the resonant wavelength is imaged in each well
by using a high speed complementary metal oxide semiconductor camera [72].

2.4. Epic assay

Prior to reagent addition, a baseline was recorded in the wells of the Corning Epic sensor
microplate for approximately 1 h in 25 ul assay medium (o-MEM+10% FBS or 20 mM
HEPES HBSS, pH 7.4). Upon stable baselines having been established for all wells, 25 pl of
sample solutions were added from a source plate to the attached cells in the Epic plate or to
wells containing only assay medium for compound control using an electronic 16-channel
pipette Finnpipette™ Novus (Thermo Fisher Scientific, Waltham, MA, USA) in stepping
mode. Biosensor responses were recorded for 1 h. To compensate for the effect of the
compound addition on the refractive index of the medium, DMR signals obtained in wells
containing cells treated with a reagent were corrected with corresponding DMR signals
obtained in wells containing assay medium and the reagent at the corresponding concentration
(compound control). This correction also compensates for physical influences, e.g.
temperature and dilution effects. A similar compensation was applied to wells containing
untreated MC3T3-E1 cells (cell control) corrected by DMR signals of the assay medium. All
measurements were replicated at least three times at room temperature.

2.5. Epic data analysis

Once the assay was completed, DMR signals for each treatment were obtained by averaging
triplicates and correcting to the respective reagent control as described above. Assay signals
obtained during the incubation time were calculated as the difference between the DMR
signal after 1 h of compound addition and the corresponding baseline. Dose response curves
for different compounds were obtained by plotting assay signals obtained for treatments at
various concentrations of the given compound. In the case of high reagent concentrations,
when lysis of the cells can occur and cause mass increase on the sensor surface, the lowest
DMR signal was used for assay signal calculation.

2.6. Determination of cell viability/cytoskeletal organization by fluorescence microscopy

After the measurements with Epic biosensor, cells in the sensor microplates were fixed with
4% paraformaldehyde and stained with Actin Cytoskeleton and Focal Adhesion Staining Kit
(Merck Millipore, Budapest, Hungary). The kit applied consists of TRITC-conjugated
phalloidin, anti-vinculin and DAPI, which could visualize actin filaments in the cytoskeleton,
focal contacts and the nucleus of the cells respectively. Cells were observed in fluorescent
mode with a Zeiss Axio Observer.Z1 microscope using a 20x objective.

2.7. Determination of cell viability by HoloMonitor M4

Cell morphology of MC3T3-E1 cells was studied using label-free time-lapse cytometer
HoloMonitor M4 (Phase Holographic Imaging AB, Lund, Sweden) [59]. Cells were seeded at
a density of 100,000 cells per channel (2.5 cm?) of Ibidi p-Slide I ibiTreat (#80106, tissue



culture treated, Ibidi) in complete growth medium and were cultured overnight in a
humidified incubator. The solutions of Roundup Classic, POEA and glyphosate were prepared
freshly in complete growth medium, the pH was adjusted to 7.4 if needed, and the solutions
were filtered through a filter (0.22 um). Following overnight incubation of cells, culturing
medium was changed to assay medium containing the target substances at the required
concentrations. Three-dimensional structures of cells were visualized in a HoloMonitor M4
digital holographic microscope by sample illumination with 0.1 mW/cm? HeNe laser (635
nm). The interference pattern was recorded as a hologram on a digital sensor. Images were
captured every 5 min inside a humidified incubator. Video was prepared using software
HoloStudio M4.

2.8. Apoptosis detection using Muse Caspase 3/7 kit

MC3T3-E1 cells were grown in 24-well plate for overnight in a humidified incubator
followed with the cell treatment with different concentration of the reagents. Floating and
adherent treated cells were collected after 24 h incubation. Subsequently, the cells were
labeled with Muse Caspase 3/7 kit according to the manufacturer’s instructions (Merck
Millipore). This assay provides relative percentage of cells that are live, in the early and late
stages of apoptosis, and dead. The samples were counted by the Muse Cell Analyzer (Merck
Millipore, Budapest, Hungary).

3. Results and discussion
3.1. Epic BT measurements

Toxic effects of environmental chemicals can lead to passive cell death or result in the active
mechanism of apoptosis. These integrated cellular events can be detected with biosensor
techniques through differences in the kinetics of processes induced by the given xenobiotic on
the sensor surface [85]. Thus, the effects of varying concentrations of Roundup Classic,
glyphosate and POEA on MC3T3-E1 cells were investigated using the Epic BT. Because the
assay solution composition (i.e., completed culturing medium contains additional factors,
lipids, minerals, and proteins) could interfere with the reagents, experiments were performed
in both serum-containing and serum-free conditions. The cells were let to attach to the sensor
surface for overnight in a humidified incubator followed by baseline recording in an Epic BT
instrument, and the reagents were added at different concentrations in an appropriate assay
medium.

The cell death profile is typically revealed as a significant negative shift in the DMR
signal through cell size reduction, weakening adhesion strength, and detachment from the
sensor surface [69]. Exposing cells to 0.1% Roundup Classic and 0.016% POEA (equivalent
to 0.1% Roundup Classic) induced a large negative DMR response in MC3T3-E1 cells under
serum-containing (Fig. 1A) and serum-free (Fig. 1B) conditions, which reached its negative
maximum in about 10 minutes after reagent addition. Note, 150 pm wavelength shift
corresponds to a refractive index change of 0.0013 inside the sensing zone, as established
earlier by calibrating the Epic BT using a table top refractometer [86]. The relatively slow
Kinetics in the upward drift region in the DMR response after reaching negative maximum,



seen at the highest concentrations of Roundup Classic applied is possibly due to cell lysis. As
shown in Fig. 1A, kinetics of the biosensor response to Roundup Classic and POEA at
equivalent concentrations had a similar-shaped dependency, supposedly due to cell death,
lysis and/or detachment. The magnitude of the signal was found to be dose-dependent, with
the lowest signal observed with the highest dose of Roundup Classic or POEA. Exposing cells
to 0.042% glyphosate (equivalent to 0.1% Roundup Classic) in serum-containing medium
(Fig. 1A) caused late phase response on MC3T3-E1 cells, possibly due to cell cytoskeletal
reactions. The higher the glyphosate concentration is, the earlier the decrease in the Epic
signal occurs. However, no significant effect was observed for glyphosate at 0.042%
concentration in serum-free condition (Fig. 1B). These results suggest that the toxic effect of
Roundup Classic is likely to be attributed to POEA and possibly influenced by glyphosate.
Figs. 1C and 1D show dose-dependent responses of MC3T3-E1 cells to Roundup Classic,
glyphosate and POEA from the measurements in serum-containing and serum-free assay
media, respectively.

Table 1 summarizes the ECso values obtained for Roundup Classic, POEA and
glyphosate. No significant differences were observed in the 1Cso values of Roundup Classic
and POEA in both assay media. In contrast, the ICso value of 0.068% for glyphosate in a
serum-containing medium (a-MEM+10% FBS) appeared to be almost twice as low as under
serum-free conditions (0.223%). As the serum is known to contain a high amount of proteins
that can attenuate the effects of toxicants through binding [87], one would expect lower
effects in serum-containing medium, than under serum-free conditions. Surprisingly,
however, the results obtained with glyphosate showed higher impact in serum-containing
medium. To exclude the possibility that this difference is due to pH changes in the serum-
containing medium [65] as it did not contain any HEPES for buffering at room conditions, the
pH of the medium was checked during the 1-h measurement, and no changes were observed.

To demonstrate the advantages of the real-time Epic technique and to demonstrate its
sensitivity, MC3T3-E1 cells exposed to the same compounds were also examined with
fluorescence and holographic microscopy, and cytometry techniques.

3.2. Fluorescence microscopy

At the end of the previously showed Epic measurements, cells were fixed directly in the
sensor microplates and stained to visualize morphological changes. Comparing to the control
group (Fig. 2A) the shape of glyphosate-treated cells became elongated (Fig. 2B), and the
treatment resulted in a reduction in the distribution of F-actin. This suggests, that glyphosate
influences cell adhesion and morphology of the cytoskeleton. As phosphorus ligands are
known to have strong affinity for bivalent metal ions (i.e., Ca?* and Mg?*) [88], glyphosate at
high concentrations promotes cation (Ca?*) chelating efficiency, which takes effect on the cell
adhesion, cytoskeletal localization and morphology [89,90]. In fact, AMPA and its
derivatives, among them glyphosate, had been patented as chemical chelators in 1964, as they
bind and remove minerals such as calcium, magnesium, manganese, copper, and zinc [91].



Nonetheless, glyphosate is a relatively weak (3 times less effective) Ca?" and Mg?* cation
chelator compared to EDTA [92], indicating that chelating affinity can only partially
contribute to the effect of cell detachment and morphology alterations caused at high
concentrations of glyphosate. In contrast, POEA (Fig. 2C) caused cellular plasma membrane
permeabilization, cytoskeletal collapse and cell death, and it showed more cytotoxic effect
than glyphosate or Roundup Classic. Moreover, necrosis also occurs as an effect of POEA on
the cells [93]. Fig. 2D illustrates the effect of Roundup Classic causing morphological
changes in the cells similar to those occurring upon exposure to POEA. This similarity
indicates that the effect of POEA mainly prevails in Roundup Classic. The images obtained
by fluorescence microscopy confirmed the results of the Epic measurements.

3.3. Cell morphology study by HoloMonitor time-lapse cytometry

Our preliminary results have demonstrated the utility of the HoloMonitor technique to be
applied for determination of cytotoxicity [56], acknowledged and implied by the manufacturer
[94]. The representative images obtained in this study at 5 min, 1 h and 24 h of cell incubation
are shown in Fig. 3. Control cells showed a flat, elongated shape (Fig. 3A), proliferated
exponentially (Fig. 4A), maintained migration dynamics (Fig. 4B), and the average cell
population optical thickness indicated monolayer formation (Fig. 4C). While proliferation of
cells treated with 0.02% Roundup Classic was inhibited, cells become rounded (Figs. 3B,
4A). The analysis of morphological data demonstrates that during treatment with 0.02%
Roundup Classic the average optical thickness of the cell population substantially increased
after 1 h indicating cells proceeding to apoptosis (Fig. 4C). After 24 h of treatment, this value
increased by 2-fold compared to the values at the beginning of the treatment. Treatment with
POEA (0.003%, equivalent of 0.02% Roundup solution) led to a massive drop in cell area
after 5 min (Fig. 3C) and showing cell necrosis after 1h of incubation. Mesnage et al.
demonstrated that POEA, as one of the components in Roundup formulations, induced human
toxicity, triggered necrosis by disrupting cell membranes around its critical micellar
concentration, rather than glyphosate, that led to apoptosis [95]. Treating cells with 0.008%
glyphosate (equivalent of 0.02% Roundup solution) didn’t show significant alternations from
control cells (Fig. 3D, Fig. 4). While 0.5% glyphosate led to impaired cell mobility, growth of
cell height (Fig. 3E, 4E) and inhibition of cell division (Fig. 4A), cells still kept some
migration dynamics (Fig. 4B), and these changes are likely to be due to exerting a cytostatic
effect.

3.4. Cell viability measurement with Caspase 3/7

Similar behaviors of the xenobiotics studied were observed using the Muse Caspase 3/7 Cell
Viability Test. The measurement setup and the apoptosis profiles are shown for each reagent
in Fig. 5. The ratio of apoptotic cells is higher in cells exposed to POEA and Roundup Classic
than in cells treated with glyphosate at equivalent concentrations (Fig. 5A, B). These results
correlated with the previous results, showing that glyphosate-treated cells keep their viability.
The measurement also demonstrated that POEA induces cell death at much lower
concentration than in Roundup Classic. 1Cso values (upon 24 h of exposure) in equivalents of



diluted Roundup Classic solutions were calculated and resulted in 0.007% for Roundup
Classic and 0.006% for POEA (0.001% or 0.011 mM actual POEA concentration) (Fig. 5C).
It has to be noted that caspase 3/7 activities could not be determined at concentrations above
0.01% of Roundup Classic and POEA, as total cell death has been reached by this
concentration. In contrast, glyphosate caused only 17% decrease in caspase 3/7 activity at a
concentration in equivalent to 1.2% of diluted Roundup Classic (0.5% or 21.9 mM actual
glyphosate concentration).

4. Conclusions

In summary, the Epic BT biosensor was first employed to measure the biological effects of
the worldwide used herbicide Roundup Classic and its components, active ingredient
glyphosate and additive surfactant POEA, on adhered cells in serum-containing and serum-
free conditions. The obtained quantitative data suggest that the Epic biosensor detects and
provides unique information about cytotoxicity. The benefits of the presented approach are
online direct detection of biochemical and cellular events, without the need for any labeling.
This setting avoids experimental uncertainty due to possible effects of the label during an
experiment. We proved that the introduced detection method greatly shortens assay time and
simplifies cytotoxicity assessment at end-points far before cell death would occur. These
advantages make our biosensor method suitable as alternative test for toxicology screening
and for supplementing conventional methods.

From the biosensor signals half maximal inhibitory concentration of the biological
function was determined for each agent using sigmoidal curve fits. The results from Epic BT
biosensor showed good correlation with the conventional methods. Glyphosate has to be
applied at higher concentration than Roundup Classic or POEA to exert cytotoxicity. The
results obtained indicate that POEA strongly influences morphology and integrity of the cells,
causes apoptotic and necrotic effects, while glyphosate influences effects of cell adhesion and
cytoskeleton morphology. Holographic microscopy revealed that glyphosate at levels
equivalent to concentrations of Roundup Classic used in agriculture, or somewhat below,
influences cell division, motility, elongated morphology, and causes cell death (although
slower than that caused by POEA and Roundup Classic). Moreover, our biosensor data and
observations in cell morphology are indicative of a certain synergy between glyphosate and
POEA in Roundup Classic product. It is important to emphasize that Roundup Classic is used
in agricultural work at dilutions ranging from 1% to 2%, concentrations two orders of
magnitude higher than those described in our results.

Several aspects revealed in this study need to be further investigated. There occurs no
simple correlation between the effects of Roundup Classic and its components: although a
similarity is observed between the effects of Roundup Classic and POEA, glyphosate appears
to cause different cellular effects. Moreover, the mechanism of the effect of glyphosate on
MC3T3-E1 cell adhesion also deserves further, more in-depth assessment.
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Figure captions

Figure 1. MC3T3-E1 cell response to the treatment with xenobiotics. Typical biosensor
responses obtained from a representative experiment after MC3T3-E1 cells were exposed to
0.1% Roundup Classic, 0.016% POEA, and 0.042% glyphosate (equivalents of 0.1%
Roundup solution) in a-MEM+10% FBS (A) or in 20 mM HEPES HBSS buffer (B). Each
data point represents the mean and the standard deviation of the average value of data
obtained in triplicates. Dose response curves on MC3T3-E1 cells in a-MEM+10% FBS (C) or
in 20 mM HEPES HBSS buffer (D). Data represented are mean + SD of identical experiments

made in three replicates.
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Figure 2. Fluorescent images of cell cytoskeleton and focal adhesions. (A) untreated cells
(control), (B) 0.42% glyphosate, (C) 0.02% POEA, and (D) 0.1% Roundup Classic. Blue
color: cell nuclei; red color: F-actin; green color: vinculin. Scale bars: 50 um.
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Figure 3. Time-dependent morphological changes in MC3T3-E1 cells, detected by phase
contrast holographic microscopy. (A) untreated cells, (B) 0.02% Roundup Classic, (C)
0.003% POEA, (D) 0.008% glyphosate and (E) 0.5% glyphosate.
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Figure 4. The analysis of holographic microscopy data: (A) MC3T3-E1 cells proliferation,
(B) migration dynamic and (C) cell optical thickness changes under exposure of xenobiotics.
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Figure 5. Apoptosis induced in MC3T3-E1 cells by xenobiotics. (A) Muse measurement
setup, (B) caspase 3/7 apoptosis profile (data shown correspond to concentrations near the
ICs0 values for Roundup Classic and POEA, and to the highest applied concentrations for
glyphosate), and (C) dose response curves.
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Table 1. ICso values upon 1 h of exposure. Data represent mean + SD of two identical

experiments made in three replicates.

Component | in ae-MEM+10% FBS in 20 mM HEPES HBSS
actual concentration equivalent | actual concentration equivalent of
to diluted diluted
I [ i L N i
solution (%) solution (%)
Roundup 0.024+0.011 | 0.044£0.02 | 0.024+0.011 | 0.028+0.012 | 0.05+0.02 0.028+0.012
Classic (POEA) (POEA)
0.44+0.20 0.51+0.22
(glyphosate) (glyphosate)
POEA 0.003+0.001 | 0.03+0.01 | 0.021+0.004 | 0.003+0.002 | 0.03+0.02 0.019+0.010
glyphosate | 0.068+0.004 | 2.98+0.18 | 0.163+0.010 | 0.223+0.022 | 9.77+0.96 0.538+0.052




