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Atomic force microscopy reveals
morphological and mechanical
properties of schistosoma mansoni
tegument

Adriane M. C. Dantas?, Fernanda S. Teixeira®, Raissa L. Oblitas!, Wagner W. R. Aradjo?,
Monique C. Amaro?, Rayssa A. Cajas?, Josué de Moraes?>"“ & Maria C. Salvadori***

Schistosoma mansoni, an intravascular parasitic worm and the causative agent of schistosomiasis,
relies on its tequment (outer layer) for survival and host interaction. This study explored the
morphology and mechanical properties of S. mansoni tegument using Atomic Force Microscopy
(AFM). Notably, we employed the PeakForce Quantitative Nanomechanical Mapping (PF-QNM)
mode in air, enabling simultaneous acquisition of 3D topography and mechanical property contrasts
(adhesion, elastic modulus). Additionally, nanoindentation (AFM contact mode) was performed

on female worm tegument for elastic modulus measurement. Both techniques revealed an elastic
modulus range of fractions or units of GPa for the tequment. Interestingly, mechanical property
maps, particularly adhesion contrast, displayed a recurring pattern of light and dark bands. We also
measured the depth of annular furrows on the female tegument, finding an average of 128 + 10 nm.
These findings establish AFM, particularly PF-QNM, as a valuable tool to characterize S. mansoni
tegument properties, offering insights for future investigations into parasite biology and its response
to immunological or pharmacological challenges.

Schistosomiasis stands as one of the most significant parasitic diseases globally, deemed a neglected ailment
by the World Health Organization (WHO). Endemic in 78 countries, it affects approximately 250 million
individuals, predominantly those residing in impoverished communities deprived of basic sanitation, thus
exacerbating social inequality and hindering national development'. Despite its significance, schistosomiasis
currently relies solely on praziquantel for treatment and control>*. However, while praziquantel effectively
reduces morbidity, its outcomes have fallen short of expectations*~, with concerns emerging regarding drug
resistance and its inefficacy against young parasite forms>”’.

Schistosoma mansoni (S. mansoni), an intravascular parasitic flatworm, is one of the main species responsible
for human schistosomiasis. It is found in over 50 countries across the American and African continents®.
The parasite goes through different phases and lives in diverse hosts and environments, with a prominent
capacity for adaptation and multiplication. These parasites carry out an asexual cycle in molluscs of the genus
Biomphalaria, while adult specimens carry out a sexual cycle and are found in the mesenteric vessels and portal
system of mammals, especially humans®!?. Females can produce hundreds of eggs daily, with many exiting
the host through feces, while others become lodged in the liver and other tissues permanently. S. mansoni
infection is predominantly intestinal, typically presenting mild symptoms; however, severe cases may lead to
hepatosplenomegaly and periportal fibrosis!!.

The tegument (skin) of schistosomes plays a vital role in protecting the worms, facilitating interaction
with the host, and ensuring parasite survival. In the literature, S. mansoni has been widely characterized using
various techniques, including optical microscopy'?!4, fluorescence microscopy'®, confocal laser scanning
microscopy!'®!’, transmission electron microscopy'® and scanning electron microscopy (SEM)!2-1419:20,
However, to date, only a few studies have reported on its characterization using Atomic Force Microscopy
(AFM), primarily focusing on morphology?!.

The AFM technique was developed by Binning et al. in 1986%% It serves as a highly powerful tool for
acquiring morphological images and gathering information about mechanical properties at the nanometric
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scale, such as elastic modulus and adhesiveness. This technique enables characterization of various materials,
including biological specimens like cells>*?*, hair fibers*> and nematodes®®. The characterization of S. mansoni
by AFM holds significance as it allows for analyzing the mechanical properties of this worm, providing a deeper
understanding of its morphological features. These insights have implications for parasite biology and survival
under immunological or pharmacological pressure, paving the way for further exploration in the field.

This study aims to characterize the tegument of S. mansoni helminth using AFM, assessing both its morphology
and mechanical properties. We employed the PeakForce Quantitative Nanomechanical Mapping (PF-QNM)%’
operating mode and array force curve (AFC) in AFM contact mode, novel approaches not previously explored
in the literature for this purpose. The PF-QNM mode generates maps of mechanical properties, such as elastic
modulus and adhesion between the tip and the sample, alongside the three-dimensional topographic image of
the surface under analysis, achieved through nanoindentation measurements.

Results and discussion

Initially, the tegument of both male and female S. mansoni adult worms was examined using SEM (Fig. 1).
Morphological disparities between the teguments of male and female parasites are evident: males exhibit
tubercles encircled by spicules, whereas the tegument of female worms appears predominantly flat, with shallow
furrows. For SEM analysis, samples are conventionally coated with a thin layer of gold?.

For AFM analysis, initially, the S. mansoni helminth of both sexes were characterized by PF-QNM technique
without tip calibration, analyzing only the contrasts in the images of mechanical properties. Following, PF-QNM
images (after tip calibration) were performed for female worms. Note that, when it comes to topography, we will
always have the x y and z coordinates in absolute values; but, regarding mechanical properties, absolute values
will only be obtained after calibrating the tip. When there is no tip calibration, the mechanical property contrasts
are still valid.

The elastic modulus of the female worm tegument was obtained using the Sneddon model, utilizing data from
PF-QNM and AFC, as will be detailed in Methods. However, a necessary condition for applying the Sneddon
model is that the ratio between the adhesion force and the maximum applied force must be small. As observed
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Fig. 1. Representative images of Schistosoma mansoni helminths highlighting some characteristics, such as the
oral and ventral suckers of the male (a) and female (b) helminth, and characteristics of their teguments (c) and
(d), respectively.
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in Fig. 2, this ratio is less than 0.1, for each region analyzed and by both methods, by PF-QNM and by AFC.
Therefore, Sneddon model can be applied to our data®.

Peakforce quantitative nanomechanical mapping (PF-QNM) imaging

The PF-QNM operating mode of AFM in air was used to characterize the tegument of the S. mansoni helminth
regarding its topography and contrasts of corresponding mechanical properties, such as elastic modulus and
adhesiveness, initially without tip calibration, with a resolution of 512 x 512 pixels. Figure 3 shows two PF-QNM
images of the body central region of two different female worms with the respective images with adhesion and
elastic modulus contrasts, the last adjusted to the DMT model. On the color scale, regions with lighter intensities
mean higher values of the corresponding property. In the topography (Height) image in Fig. 3a, it is possible to
observe furrows indicated by black arrows. In the images with adhesion contrast in Fig. 3, we observed a pattern
composed by light and dark bands (fringes). These fringes are present in 53% of the images with adhesiveness
contrasts in 202 PF-QNM image acquisitions of 36 female worms, and in 7% of the images the fringes are also
present in the elastic modulus image, as seen more prominently in Fig. 3b. Images with different scan sizes
obtained from regions presenting this fringe pattern reproduced the pattern according to the magnification,
attesting that it is not an artifact?®. The spatial period of this fringe pattern was measured in the images using
the “cross section” tool available in the NanoScope Analysis 1.5 software, analyzing the spectral period of a line
drawn perpendicular to the direction of the fringes. The average of spatial period of the fringes was (715+37)
nm (mean + standard error on the mean). These measurements were carried out on 33 adhesive contrast images
of 14 female worms, with a scan size of 10 pm.

The furrows present in the tegument of female helminths are important for nutrient absorption and
oviposition®. The depth of these furrows was measured using the “cross section” tool available in the NanoScope
Analysis 1.5 software, measuring the peak-valley distance. The measurement was carried out from 33 images
with scan size of 10 um, taken from 14 worms. The depth histogram is shown in Fig. 4. An average value of
(128 +£10) nm (mean =+ standard error on the mean) was obtained.
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Fig. 2. Ratio between the adhesion force F,; and the maximum force F,,,, exerted by the tip on the sample
for data obtained using PF-QNM and AFC.
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Fig. 3. Images (a) and (b) depict PF-QNM images in air of female S. mansoni helminths, illustrating the
topographic image (Height) with their respective adhesion contrast and elastic modulus (DMTModulus) maps.
The arrows in the height image of (a) indicate some furrows present in the region.

AFM analysis was also performed to investigate the surface topography, adhesion properties, and elastic
modulus of male S. mansoni worms. Representative topography images (Fig. 5a) revealed the presence of
tubercles with visible spicules on one side and smooth regions devoid of structures on the other. Valleys were also
observed in another microregion (Fig. 5b and c). Analysis of adhesion contrast images (Fig. 5) showed a recurring
fringe pattern similar to that observed in female worms. This pattern intensified with increasing magnification,
suggesting it’s an intrinsic property of the sample surface. Notably, these fringes typically surrounded areas of
unevenness, such as valleys and protuberances. Interestingly, fringe patterns were present in 57% of the male
worm adhesion images analyzed. Finally, based on the corresponding elastic modulus contrast image, the region
with the highest concentration of spicules in Fig. 5a appears to have the highest elastic modulus.

A detailed analysis of the region between the oral and ventral suckers of a male worm is provided by the AFM
PF-QNM image in Fig. 5d. The topography reveals the presence of furrows, while the corresponding adhesion
image shows peaks in these same regions. This suggests that the internal tissue exposed by the furrows exhibits
greater adhesiveness compared to the external tegument of the worm. The elastic modulus image displays slightly
lighter shades at the edges of the furrows, potentially indicating a slightly higher elastic modulus in these areas.

Elastic modulus determination

Female worms were analyzed by PF-QNM images after tip calibration with a resolution of 256 X256 pixels,
resulting in 65,536 force curves (FC) per image. PF-QNM representative images of male S. mansoni helminth is
shown in Fig. 6a, regarding topography, adhesion contrast and elastic modulus fitted to Sneddon model. Seven
images were acquired in regions of the anterior half of each female worm. Two of these images are presented in
Fig. 6b. In the same regions, arrays of force curves (AFC) were carried out, in the AFM contact mode. The raw
force curves obtained by both techniques (PF-QNM and AFC) were processed by Atomic ] 2.3.1 software’! using
the Sneddon model. The natural logarithm histograms of the elastic modulus (In(E)) in the regions presented
in Fig. 6b are given in pairs (PF-QNM and AFC) in Fig. 6¢. The upper scale in Fig. 6¢ corresponds to the elastic
modulus value in GPa.

Table 1 summarizes the average elastic modulus values and R” statistics obtained for the seven analyzed
regions of female S. mansoni worms using both PF-QNM and AFC techniques. All regions were analyzed with
65,536 FCs for PF-QNM, and 25 FCs for AFC (except region 1 with 100 FCs for AFC). The data indicate that the
elastic modulus of the schistosomes tegument ranges from 0.2 to 3.4 GPa. The reference®? presents the elastic
modulus of one of the worm stages (Haemonchus contortus), resulting in about 0.2 GPa, that is the same order of
magnitude of our results. Note that, the elastic modulus measurement can be affected by the biological material
fixation, related to biological material in life, the same can be claimed concerning to dry or wet environment.
But we added in this article a supplementary material where we show that, using AFA and applying different
concentrations of praziquantel in S. mansoni, the elastic modulus was affected, increasing with the increase the
praziquantel concentration. This justifies the choose of elastic modulus as an important parameter, using AFA.
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Fig. 4. Histogram of furrows depths (nm). The bars in the histogram correspond to the experimental data and
the solid black line corresponds to the fit performed using a log-normal distribution.

Interestingly, the average values obtained from AFC data were systematically lower than those from PF-
QNM. This observation can be attributed to the likely viscoelastic properties of the sample*3*. In viscoelastic
materials, a higher indentation speed, as employed in PF-QNM, can lead to increased resistance during material
penetration, resulting in higher measured elastic modulus. Therefore, the AFC data likely provide a more
accurate representation of the intrinsic elastic properties of the S. mansoni tegument.

Conclusions

The purpose of this work was the morphological and mechanical properties characterization of the helminth
S. mansoni by Atomic Force Microscopy (AFM). The operating mode used was PeakForce Quantitative
Nanomechanical Mapping (PF-QNM), obtaining, thus, original results not found in the literature. With
the morphological characterization of female worms, it was possible to analyze the furrows present in their
tegument, in particular the depth, whose average value obtained was (128 +10) nm. With the characterization
of mechanical properties, still without tip calibration in the PF-QNM mode, a pattern of light and dark bands
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Fig. 5. AFM PF-QNM representative images in air of male S. mansoni helminths, regarding topography,
adhesion contrast and elastic modulus. Lighter regions in the images indicate areas with higher values of the
corresponding property. (a) In the topography image, it is noted part of a tubercle with its spicules on one side
and smooth regions with no visible structures on the other; images (b) and (c) correspond to the same region,
but with a different scan size and a valley can be seen in the region; (d) image of a region between the oral and
ventral suckers, its topography reveals furrows.

(fringes) was observed, mainly in the adhesive property image, with an average spatial periodicity of (715+37)
nm, although it is not known what produces this pattern.

After tip calibration in PF-QNM mode, images of female worms were obtained, and it was possible to extract
and analyze raw force curve data from each image. In parallel to the PF-QNM operating mode, arrays of force
curves (AFC) were obtained in AFM contact mode from the same regions as the images obtained by PF-QNM.
The force curves were analyzed in a similar way and the elastic modulus of the analyzed regions were obtained
for both cases (PF-QNM and AFC). Therefore, it could be inferred that the elastic modulus of the S. mansoni
helminth is between 0.2 GPa and 3.4 GPa.

In conclusion, the PF-QNM operating mode of AFM demonstrated to be a suitable tool for the
characterization of both the topographic and mechanical properties of the S. mansoni helminth. Furthermore,
the use of the array of force curves in AFM contact mode also demonstrated its effectiveness as an appropriate
tool for evaluating the mechanical properties of this helminth. The teguments role at the parasite-host interface
has been extensively studied, revealing its secretory functions, involvement in nutrient absorption, and its
ability to shield schistosomes from the host’s immune response®*~¥. Additionally, it serves as a primary target
for antischistosomal drugs®**° Therefore, conducting detailed observations of the tegument’s topographic and
mechanical properties will deepen our understanding of the host-parasite relationship. This characterization
holds significance for future research, facilitating studies on parasite biology and survival under immunological
or pharmacological pressure.
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Fig. 6. (a) AFM PF-QNM representative images in air of male S. mansoni helminth, regarding topography,
adhesion contrast and elastic modulus fitted to Sneddon model. (b) PF-QNM images of two regions of
female worms tegument with contrasts in topography, adhesion, and elastic modulus fitted to Sneddon
model; (c) Natural logarithm histograms of the elastic modulus (In(E)) of the regions presented in (b). The
bars correspond to the experimental data and the solid line corresponds to a Gaussian fit. The histograms
corresponding to PF-QNM represent 65,536 data, while the histogram corresponding to the array of force
curves (AFC) in contact mode of AFM of region 1 represents 100 data, and for region 2 the histogram
represents 25 data points. The upper scale of the region 1 histogram corresponds to the value of the elastic
modulus in gigapascal (GPa) and serves as a guide for the other histograms.
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Elastic modulus (E) (GPa) | R?

PF-QNM | AFC PE-QNM | AFC
Region 1 3.42+0.01 2.25+0.26 0.98 0.91
Region 2 | 1.085+0.002 | 0.89+0.08 |0.99 0.99
Region 3 | 1.461+0.002 0.38+0.02 0.95 0.90
Region 4 | 1.099+0.001 | 0.515+0.009 | 0.99 0.95
Region 5 | 1.425+0.002 | 0.97+0.05 |0.99 0.99
Region 6 | 1.817+0.002 1.04+0.06 | 0.98 0.91
Region7 | 2.73+0.01 0.212+0.003 | 0.97 0.96

Table 1. Average values of the elastic modulus (E) are shown for each region analyzed; the values were
obtained from PF-QNM and AFC data with the respective R statistics.

Methods

Maintenance of the S.mansoni life-cycle

The life cycle of the S. mansoni (Belo Horizonte strain) is maintained in the laboratory by passing it through a
snail species, Biomphalaria glabrata, serving as an intermediate host, and a mouse, acting as the definitive host,
at the Research Center on Neglected Diseases, Guarulhos University, Sdo Paulo, Brazil. Three-week old female
Swiss mice were purchased from Animais de Laboratério Criagdo e Comércio (Sdo Paulo, Brazil). The animals
were kept under controlled conditions of temperature (22 °C) and humidity (~50%) with ad libitum access
to water and food. Mice were infected via subcutaneous injection with approximately 120 cercariae, obtained
after exposure of snails to light for approximately 3 h. At 42 days post-infection, infected mice were placed in a
chamber and euthanized by exposure to 100% medical-grade CO,, and adult schistosomes were collected from
their mesenteric veins.

Sample preparation for Atomic Force Microscopy (AFM)

Adult schistosomes were fixed in AFA solution (70% alcohol, 37% formaldehyde and glacial acetic acid) and
carefully placed on the AFM sample holder, which had been prepared beforehand with double-sided tape for
secure fixation. Subsequently, the samples underwent a one-hour drying period in an oven set at 37 °C before
being transferred for AFM analysis. The samples were left in the AFA fixative for a minimum of 48 h prior to
AFM analysis.

Analysis by AFM

The samples were analyzed using a MultiMode 8 SPM microscope (MM-SPM), from Bruker Corporation, using
the PeakForce Quantitative Nanomechanical Mapping (PF-QNM)*! operating mode and force spectroscopy
in contact mode, both in air. A probe with a rectangular silicon cantilever (NANOSENSORS NCH-W) was
used, with a resonance frequency of 232 kHz. Images were obtained using the PE-QNM mode, initially without
tip calibration, with a resolution of 512512 pixels and scan sizes of 5-30 um. Images were processed using
NanoScope Analysis 1.5 software.

The PF-QNM operating mode generates maps of mechanical properties, such as the elastic modulus of the
sample and adhesion force between the probe and the sample, together with the three-dimensional topographic
image of the surface under analysis. These maps are derived from the analysis of the force curves generated
in each pixel of the image, resulting from the interaction between the tip and the sample. To obtain maps of
mechanical properties with their usual measurement units, as well as to obtain information on mechanical
properties through force spectroscopy, prior tip calibration is necessary?>2. Tip calibration is done by obtaining
the cantilever deflection sensitivity (unit of nm/V) and probe parameters (tip/cantilever), that are the spring
constant of the cantilever and the tip radius. The deflection sensitivity was obtained from a linear adjustment in
the contact region of a force curve on a sapphire standard sample (Sapphire-15 M BRUKER PFQNM-SMKit),
as shown in Fig. 7. The spring constant of the cantilever was obtained from its thermal fluctuations*?, using the
Thermal Tune feature available on the microscope, producing a value of 20 N/m. To measure the tip radius (R),
a rough titanium standard sample (RS-15 M BRUKER PFQNM SMK:it) was used, which has sharper structures
than the AFM tip, allowing to reproduce the image of the extreme tip and with this, the tip radius was measured,
and the value of 37 nm was obtained.

When performing a force curve on a sample without any tip calibration, it is generated as shown in Fig. 7a, a
graph of the cantilever deflection (in V) as a function of the scanner position (in nm). By obtaining the deflection
sensitivity and generating a curve in the sample of interest, we obtain a curve like Fig. 7b (cantilever deflection,
in nm, as function of Z position, in nm, of the sample). To obtain the curve in terms of force (in N) as function
of Z (in nm), the vertical axis of the curve (in nm) is multiplied by the spring constant (k given by N/m) of
the cantilever (Fig. 7c), completing the tip calibration. Therefore, it is noted that the force curves, generated in
each pixel, obtained by PF-QNM without tip calibration and by PF-QNM (after tip calibration) differ only by a
constant.

After tip calibration, images were collected using the PF-QNM mode with a scan size of 10 um and a
resolution of 256 X256 pixels. Furthermore, in the same regions imaged with the PF-QNM mode, an array
of force curves (AFC) was obtained by force spectroscopy in contact mode. This mode offers the option of
obtaining force curves spaced according to the user’s previous choice, without, however, generating maps. Note
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Fig. 7. (a) Raw force curve (before tip calibration) of the standard sample (sapphire) to obtain deflection

sensitivity. (b-c) Steps to obtain graph of force as a function of Z position. (b) Force curve of worm tegument
after obtaining deflection sensitivity. (c) Force curve of the worm tegument after obtaining the spring constant.

that, the PF-QNM uses a sinusoidal modulation of the base of the cantilever relative to the sample surface to
generate the curves, this controls the normal force of the tip-sample interaction by detecting the peak force of
each tap. This sinusoidal waveform causes the tip velocity to approach zero as the tip approaches the peak. On
the other hand, single force curves (or AFC) use a linear ramping, where the tip approaches the surface at full
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speed. Once the trigger force is detected, the system attempts to retract instantaneously, leading to overshoot and
larger forces, especially at higher ramp rates. With this, PF-QNM is able of acquire data in much higher speed**.

Determination of the elastic modulus
The elastic properties of the sample are determined by fitting a model in the deformation region (also called
indentation region) of the force curve, being able to relate the elastic deformation of the sample (9) to its elastic
modulus (also known as Youngs modulus). According to the force versus indentation graph, it is possible to
assess the elastic and plastic behavior of the sample of interest. A classic model is the Hertz model*’, which
considers the adhesion force much smaller than the maximum applied force, that is, F,; < Fy,4,, and considers
the tip indentation in the sample much smaller than the tip radius., thatis, § < R.

The model used by PF-QNM to acquire the elastic modulus map is the DMT (Derjaguin-Muller-Toporov)
model“. This model considers the same conditions as the Hertz model, including the contribution of the
adhesion force, which means that the DMT model still considers ¢ < R. In this case, the applied force is given

by:

F= gEmd\/ﬁé 2 _ . (1)
5 =2 2

where E_, is the reduced Young’s modulus, R is the tip radius, Fj,; is the adhesion force, ¢ is the sample
deformation and a is the contact radius between sample tip*+¥7.

The raw force curves obtained, both by PF-QNM and AFC, were processed using the Atomic] software’!
considering the Sneddon model*® for spherical tips, since our data meet the conditions of this model. The
Sneddon model is considered a generalization of the Hertz model, as it can be applied to any tip of arbitrary
profile with axial symmetry described as a solid of revolution. The relationship between the applied load, F, and
the sample deformation, §, is given by a transcendental equation that can be computed numerically. For the case
of a spherical tip, this relationship is given by the following equations:

E, R*+d? R+a
F = ' l —aR
1—1/2< 2 n(R—a) (LR) 3)

a

a R+a
0 —5111 (Rfa) (4)

where E_ is the elastic modulus of the sample and v, is the Poisson’s ratio of the sample.

Like the Hertz model, the Sneddon model also considers that the adhesion force is much smaller than the
maximum applied force, which was compatible with our data. Another condition of the Sneddon model is that
the tip indentation in the sample is on the order of the tip radius, i.e., § ~ R, which is also compatible with
our data. For our analyses, Poisson’s ratio was considered v, = 0.5, as suggested in Hermanowicz et al.*! for
biological samples, and the model was adjusted in the contact region of the approach curve.

Data availability
The raw data that support the findings of this study are available from the corresponding author upon reasonable
request.
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