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Annotation

Micro-computed tomography (micro-CT) is an exceptional non-destructive imaging modality, which
can be used to visualize both external and internal morphology of arthropods like ticks. The major
micro-CT drawback is the soft tissues visualization, which require pre-examination contrasting steps.
The commonly employed tick contrasting methods are drying and immersion in a solution containing
a high-atomic number element, which both cause major deformation and shrinkage of examined
specimens. The aim of this study was to develop a new tick contrasting approach to bypass these
limitations. We show that adult Ixodes ricinus females engorged in vitro on blood enriched with gold
nanoparticles with polyethylene glycol coating can be scanned with excellent contrast. By utilizing this
technique based on the hematophagous nature of the ticks, we were able to observe midgut lumen,
midgut epithelium and rectal sac in their natural state. In addition, we were able to precisely calculate
the midgut volume.

Declaration [in Czech]

Prohlasuiji, Ze svoji rigordzni praci jsem vypracoval samostatné pouze s pouzitim pramen( a literatury
uvedenych v seznamu citované literatury.

Prohlasuji, Zze v souladu s § 47b zdkona ¢. 111/1998 Sb. v platném znéni souhlasim se zvefejnénim své
rigordzni prace, a to v nezkracené podobé elektronickou cestou ve verejné pristupné ¢asti databaze
STAG provozované Jiho¢eskou univerzitou v Ceskych Budéjovicich na jejich internetovych strankach, a
to se zachovanim mého autorského prava k odevzdanému textu této kvalifikacni prace. Souhlasim dale
s tim, aby toutéz elektronickou cestou byly v souladu s uvedenym ustanovenim zakona ¢. 111/1998 Sb.
zverejnény posudky skolitele a oponent( prace i zaznam o pribéhu a vysledku obhajoby kvalifikacni
prace. Rovnéz souhlasim s porovnanim textu mé kvalifikaéni prace s databazi kvalifikacnich praci
Theses.cz provozovanou Narodnim registrem vysokoskolskych kvalifikacnich praci a systémem na
odhalovani plagiat(.

V Ceskych Bud&jovicich, 1.4.2021 e,

Mgr. Jaroslav Ondrus


http://Theses.cz

This thesis is based on the following publication

Ondrus, J., Hubatka, F., Kulich, P., Odehnalova, N., Harabis, V., Hesko, B., Sychra, O., Siroky, P., Turanek,
J., Novobilsky, A., 2021. A novel approach to imaging engorged ticks: Micro-CT scanning of Ixodes
ricinus fed on blood enriched with gold nanoparticles. Ticks Tick Borne Dis. 12, 101559.
https://doi.org/10.1016/j.ttbdis.2020.101559. (IF 2019: 2.8)

Declaration of author's contribution to the study

| hereby declare that | had a significant contribution to the publication. | was responsible for
conceptualization, partial funding acquisition, data curation, investigation, methodology, resources,
visualization, writing the manuscript and article submission as the corresponding author.


https://doi.Org/10.1016/j.ttbdis.2020.101559

Financial support

This study was funded primarily by IGA VFU project 201/2019/FVHE, by the Ministry of Education,
Youth and Sports under the project FIT (Pharmacology, Immunotherapy, nanoToxicology)
CZ.02.1.01/0.0/0.0/ 15_003/0000495 and by the Ministry of Agriculture of the Czech Republic,
institutional support MZE-RO0518.



Ticks and Tick-borne Diseases 12 (2021) 101559

Contents lists available at ScienceDirect

Ticks and Tick-borne Diseases

s [

ELSEVIEI

R journal homepage: www.elsevier.com/locate/ttbdis

Check for

A novel approach to imaging engorged ticks: Micro-CT scanning of Ixodes
ricinus fed on blood enriched with gold nanoparticles

i

Jaroslav Ondrus ™™ “*, Frantisek Hubatka , Pavel Kulich , Nikola Odehnalova
Vratislav Harabis “, Branislav Hesko ¢, Oldfich Sychra b Pavel Siroky ™", Jaroslav Turanek ©,
Adam Novobilsky “

# CEITEC - Central European Institute of Technology, University of Veterinary and Pharmaceutical Sciences Brno, Palackého tr. 1946/1, 612 42, Brno, Czech Republic
b Department of Biology and Wildlife Diseases, Faculty of Veterinary Hygiene and Ecology, University of Veterinary and Pharmaceutical Sciences Brno, Palackého tF.
1946/1, 612 42, Brno, Czech Republic

¢ Department of Pharmacology and Toxicology, Veterinary Research Institute, Hudcova 296/70, 621 00, Brno, Czech Republic

4 Department of Biomedical Engineering, Faculty of Electrical Engineering and Communication, Brno University of Technology, 616 00, Brno, Czech Republic

ARTICLE INFO ABSTRACT

Keywords: Micro-computed tomography (micro-CT) is an exceptional imaging modality which is limited in visualizing soft
Anatomy biological tissues that need pre-examination contrasting steps, which can cause serious deformation to sizeable
Arthropods

specimens like engorged ticks. The aim of this study was to develop a new technique to bypass these limitations
and allow the imaging of fed ticks in their natural state. To accomplish this, adult Ixodes ricinus females were
allowed to engorge in vitro on blood supplemented with PEGylated gold nanoparticles (PEG-AuNPs). In total, 73/
120 females divided into 6 groups engorged on blood enriched with 0.07-2.16 mg PEG-AuNPs per ml of blood.
No toxic effect was observed for any of the tested groups compared to the control group, in which 12/20 females
engorged on clear blood. The ticks were scanned on a Bruker micro-CT SkyScan 1276. The mean radiodensity of
the examined ticks exceeded 0 Hounsfield Units only in the case of the two groups with the highest concen-
tration. The best contrast was observed in ticks engorged on blood with the highest tested concentration of 2.16
mg/mL PEG-AuNPs. In these ticks, the midgut and rectal sac were clearly visible. Also, the midgut lumen volume
was computed from segmented image data. The reduction in midgut volume was documented during the egg
development process. According to this pilot study, micro-CT of ticks engorged on blood supplemented with
contrasting agents in vitro may reveal additional information regarding the engorged ticks’ anatomy.

In vitro feeding

Gold nanoparticles
Micro-computed tomography
Non-destructive visualization

1. Introduction tomography (Sharpe, 2004) or micro-computed tomography (micro-CT)

(Starck et al., 2018) can be employed to construct a three-dimensional

Several imaging methods that reveal both external and internal tick
morphology are available. Histology and electron microscopy require
the specimen’s mechanical disruption, like sectioning (Lynn et al., 2015)
or removing the surrounding tissues (Denardi et al., 2011). Arthropod
structure, however, is often affected during the preparation process.
Thus, the anatomy may not be observed in its natural state and spatial
context can be lost. Alternatively, whole-volume imaging techniques e.
g. high-resolution episcopic microscopy (Weninger et al., 2006),
microscopic magnetic resonance (Ruffins et al., 2007), optical projection

(3D) visualization of a whole small biological specimen. Among them,
micro-CT offers a suitable, quick and easy way to visualize ticks’ internal
structures and can bypass some other imaging techniques’ limitations.

Micro-CT allows arthropod visualization in a non-destructive
manner. In brief, when scanning the specimen, a set of two-
dimensional (2D) projections are taken from divergent angles using X-
rays. The obtained projections are subsequently used to compute a
three-dimensional representation of the entire sample’s attenuation
coefficient’s spatial distribution. Reconstructed image datasets can be

Abbreviations: DLS, dynamic light scattering; ELS, electrophoretic light scattering; FBS, fetal bovine serum; HU, Hounsfield Units; Micro-CT, micro-computed
tomography; PEG, polyethylene glycol; PEG-AuNPs, PEGylated gold nanoparticles; TEM, transmission electron microscopy.
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analysed, modified and visualized using various imaging software sys-
tems. Several detailed reviews concerning micro-CT’s the biological
application are available (Ritman, 2011; Mizutani and Suzuki, 2012; du
Plessis et al., 2017; O’Sullivan et al.,, 2018). Micro-CT enables
high-resolution non-destructive imaging, scanning multiple specimens
at the same time and provides precise morphometric analysis by
applying software to image datasets. However, visualizing arthropods e.
g. engorged ticks might be problematic due to the composition of their
bodies. Hard cuticles comprising densely packed microfibrils of chitin
embedded in a protein matrix and tracheae filled with air branching
through the body provide sufficient natural contrast (Starck et al.,
2018). Nevertheless, the inner soft compartments e. g. blood-filled
midgut or salivary glands are visualized poorly as a result of their
similar and low X-ray attenuation. Therefore, the contrast in these tis-
sues needs to be enhanced prior to scanning.

For micro-CT scanning of arthropods, drying and staining with a
contrasting agent are commonly used contrast enhancing techniques.
However, the processing of invertebrates before scanning often leads to
morphological changes in the scanned object. For example, drying by
both critical-point drying and hexamethyldisilazane (HMDS) (Nation,
1983) causes specimen shrinkage (Bray et al., 1993; Kaab et al., 1998).
Despite the fact that certain efforts can be made to minimize the
deformation, dried samples are always very fragile and prone to
breaking. During staining, biological samples are typically immersed in
an aqueous solution containing a high-atomic-number element
(Metscher, 2009a, 2009b; Pauwels et al., 2013). This technique, how-
ever, is limited by the used chemicals’ diffusion rates and also suffers
from contrasting-induced shrinkage (Vickerton et al., 2013). Since
engorged ticks are relatively sizeable specimens and are loaded with a
large volume of condensed blood, both staining and dehydration are not
suitable contrasting approaches. This was demonstrated recently, when
a fully engorged Ixodes ricinus female was dehydrated in graded ethanol,
stained in iodine solution and dried by critical-point drying (Starck
et al., 2018).

In this study, we present an innovative contrasting technique for
imaging adult L ricinus females exploiting their hematophagous nature
that bypasses some traditional arthropod staining limitations and allows
quick and easy imaging by micro-CT as close to their natural state as
possible. We show that the contrast of midgut lumen, epithelial cells of
the midgut and rectal sac can be significantly increased by allowing ticks
to imbibe blood supplemented with gold nanoparticles in the artificial in
vitro feeding system. This novel contrasting approach not only enables us
to monitor the above-mentioned body compartments in a preserved
native spatial context, but also permits a precise calculation of the
midgut lumen volume.

2. Materials and methods
2.1. Tick collection

Questing adult ticks were collected by flagging from vegetation in a
mixed forest located in Brno, Czech Republic (49.2502214N,
16.5614825E) in April 2019. Flagging was done by one person using a
white denim square 1 m x 1 m attached to a wooden stick as a flag as
described before (Tkadlec et al., 2018). According to an available key
(Nosek and Sixl, 1972) only I ricinus were collected, and they were not
further examined for being I inopinatus (Estrada-Pena et al., 2014).
Adults were placed into 50 mL Falcon Tubes with respect to their sex,
together with 5 blades of the grass, where they remained in a dark place
at 15 °C for a maximum of 21 days until the start of the feeding. Grass
was changed twice a week, tubes once a week during this period.

2.2. Preparation of contrast agent for in vitro feeding

PEGylated gold nanoparticles (PEG-AuNPs) used as a contrast agent
in blood meals for ticks were prepared in-house as follows. Citrate-
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stabilized AuNPs were synthesized according to previous studies (Tur-
kevich et al., 1951; Frens, 1973) with several modifications. Briefly, a
tenfold molar excess of trisodium citrate was added to the boiling so-
lution of 0.5 mM chloroauric acid while stirring vigorously. The reaction
conditions were kept unchanged until the colour of the mixture turned
ruby red. The citrate stabilized AuNPs were PEGylated by mixing an
aqueous solution of methoxy-PEG-thiol 2 kDa with the colloid solution
while stirring (Wang et al., 2013). The ratio of 100 nmol/mg (mPEG--
SH/AuNPs) was used. The colloid solution was incubated at room
temperature overnight. Subsequently, the PEG-AuNP solution was
concentrated using a tangential flow filtration system (TFF KrosFlo
KR2i; HF Filter: MIDIKROS P/N: D04-E030-05-N; Repligen, Boston,
USA) (Sweeney et al., 2006). Likewise, in this step excess mPEG-thiol
was removed. Thereafter, the concentrated colloid solution of
PEG-AuNPs was sterilized by filtration (TPP Syringe-Filter P/N: 99722).
The final concentration was reached through centrifugation (50 000 x
g/90 min). The prepared nanoparticles were characterized using trans-
mission electron microscopy (TEM) and dynamic and electrophoretic
light scattering (DLS, ELS - Zetasizer Ultra, Malvern Panalytical, Mal-
vern, UK). The PEG-AuNP’s core size was around 13 nm (TEM) (see
Supplementary Fig. 1), while the hydrodynamic diameter was 23 nm
(DLS). The particles’ zeta potential was -2.3 mV (10 mM PB, pH 7.4).
The prepared PEG-AuNPs’ stability was tested in 80 % fetal bovine
serum (FBS). As confirmed on a TEM, the PEG-AuNPs suspended in FBS
did not show any signs of aggregation.

2.3. Invitro feeding

An in vitro feeding system was established according to Krober and
Guerin (2007) with minor modifications. In brief, blood for the tick
feeding was collected from an adult Holstein cow at a local slaughter-
house, immediately treated with heparin (15 U/mL), 5 pg/mL Genta-
micin, 100 U/mL Nystatin, 1 mM Adenosine 5’-triphosphate (ATP) and
4 g/mL Glucose and stored at 4 °C until use (all chemicals were pur-
chased at Sigma-Aldrich, Darmstadt, Germany). Cellulose membranes
60-80 pm thin reinforced with silicone were prepared. Glass fibre
mosquito netting pieces as mechanical stimuli and feeding chambers
were glued to the membranes. No hair nor chemical stimuli were used. A
total of 10 females and 10 males were put into each chamber and sealed
with cotton wool wrapped in a gauze. The chambers were put into the
standard 6-well culture plates (Thermo Fisher Scientific, Roskilde,
Denmark) filled with 3.0 mL of bovine blood in each well. The
PEG-AuNPs were pipetted into the blood shortly before each of the blood
exchanges, which were done approximately every 12 h. The tested
concentrations were 0.07; 0.14; 0.27; 0.54; 1.08 and 2.16 mg of
PEG-AuNPs per ml of blood. The feeding chambers were placed into a
partially covered water bath WNB 29 (Memmert GmbH, Schwabach,
Germany) at 37 °C for 10 days. The females that were dead or not
attached during the third day of the feeding were removed. Also, some
females that were feeding in close proximity to the others were dis-
carded to prevent hindering the others. The numbers of engorged ticks
and their weights at the end of the feeding were recorded immediately
after detachment.

2.4. Micro-CT

After detachment, the engorged females were kept in glass jars in a
dark and humid environment at 20 °C. For each group of different PEG-
AuNP concentration fed ticks, one specimen was killed and scanned 1, 4,
6, 8, 12, 14, 16 and 24 days after detachment. The ticks were killed by
chloroform vapours sealing them into 11 ml glass air-tight vials with a
small piece of cotton wool wrapped in a gauze spiked with 20 pl of
chloroform for 30 min to prevent their movement during scanning. The
dead ticks were immediately transferred into a small scanning bed
(diameter 12 mm) and scanned on a Bruker micro-CT SkyScan 1276
(Bruker, Kontich, Belgium) at 40 kV, 100 pA without filter, with
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resolution 4032 x 2966 px, pixel size 4.0 pm, step and shoot mode with
rotation step 0.06 degrees, 2944 projections. Backward projection
datasets of all ticks were reconstructed using Insta-Recon software
(Bruker microCT, Kontich, Belgium) with windowing 0 - 0.05 intensity,
ring artefact reduction 25 and automatic post-alignment correction.

2.5. Data processing and statistical analysis

Post-processing image dataset and radiodensity analysis adjustment
was carried out using CTanalyser software (Bruker microCT, Kontich,
Belgium). Three-dimensional (3D) visualization was performed in
CTVox (Bruker microCT, Kontich, Belgium). The radiodensity of ticks in
Hounsfield Units (HU) was calculated as a mean of all voxels in the
entire volume of ticks in each group. Post-scanning radiodensity cali-
bration was performed by scanning cylindrical phantoms (diameter 5
mm) with deionized water, using an identical scan setting as for ticks.
The volumes of the whole ticks and the midgut lumen were calculated
using CTanalyser according to the manual for image data processing for
invertebrates (Alba-Tercedor, 2014). Body weight data were analysed
and visualized using GraphPad Prism version 8.3.0, chi-square tests
were calculated using an online quantpsy calculator (Preacher, 2011).

3. Results

In total, 140 I. ricinus females divided into 7 groups of 20 individuals
which were allowed to feed on bovine blood supplied with 0; 0.07; 0.14;
0.27; 0.54; 1.08 and 2.16 mg of PEG-AuNPs per ml of blood. The
numbers of engorged females, average body weights and radiodensity
values of one randomly selected specimen from each group are sum-
marized in Table 1. The numbers of engorged females among these
groups did not differ significantly (p > 0.99), neither did their average
body weights (p > 0.70). Individual tick’s body weights are shown in
Fig. 1.

Transaxial views of individual, randomly selected ticks from each
group are shown in Fig. 2. A dose dependent progressive increase in the
contrast in the 3D volume rendered ticks was apparent. Radiodensity
values exceeding 0 HU were detected in the females engorged on blood
supplemented with 1.08 and 2.16 mg of PEG-AuNPs per ml of blood
(Table 1). Only ticks fed on the blood with the highest PEG-AuNPs
concentration were further examined due there being the best contrast
and no nanoparticle impact on body weights and engorged female sur-
vival. In female ticks scanned 1-8 days after detachment, PEG-AuNPs
present in the midgut were not distributed evenly and patterns of sedi-
mented, highly contrasted spots were apparent inside the midgut lumen
(Supplementary Fig. 3). In ticks scanned 12 and 24 days after detach-
ment, the midgut lumen was homogenously filled with the contrast
agent (Fig. 3). Apart from the highly contrasted midgut, the rectal sac
was also clearly visible. In addition, increased contrast in the midgut due

Table 1
Body weights and radiodensities of examined ticks.

Concentration of PEG- Weight [mg] Radiodensity
AuNPs in blood [mg/mL] [HU]

n Mean SD SEM Mean  SEM
C- 12 23325 55.74 16.09 55 0.0130
0.07 13 213.92 66.20 18.36 -12 0.0120
0.14 11 228.00 68.33 20.60 -14 0.0112
0.27 10  200.90 4896 15.48 -19 0.0112
0.54 13 23230 6440 17.86 17 0.0117
1.08 13 218.23 61.69 17.11 79 0.0213
2.16 13 219.07 68.87 19.10 618 0.0280

PEG-AuNPs: PEGylated gold nanoparticles.
SD: standard deviation.

SEM: standard error of mean.

HU: Hounsfield units.

C-: negative control.
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Fig. 1. Body weights of Ixodes ricinus females fed in vitro on blood enriched
with PEG-AuNPs.

to progressive blood meal digestion was also noted in the specimen 24
days post detachment.

The volumes of the whole body and the PEG-AuNPs containing
midgut for the female scanned 12 days post detachment (Fig. 3B) were
133 and 48 mm?, respectively, and 97 and 27 mm?® for the female
scanned 24 days after detachment (Fig. 3C). Therefore, midgut volume
decreased from approximately 36.1 % to 27.8 % of the tick’s total vol-
ume during this period.

4. Discussion

In this study, we show that our novel approach in micro-CT imaging
engorged ticks with oral administration of a nanogold-based contrast
agent may provide useful information about the internal morphology of
ticks. We report that ticks fed artificially on bovine blood supplied with
PEG-AuNPs are able to fully engorge even on a relatively high concen-
tration of 2.16 mg of PEG-AuNPs per ml of blood. This allows post-
detachment visualization of the midgut and the rectal sac in their nat-
ural state unaffected by conventional contrasting procedures and exact
calculation of the midgut lumen volume. This novel approach may be
utilized to observe the midgut at a specific point during or after feeding,
to monitor midgut dynamics in time, to visualize the midgut’s patho-
logic alterations, to gain additional information regarding the mode of
action of acaricides or similar substances added into the bloodmeal
during in vitro feeding or to track microorganisms by conjugating gold
nanoparticles with microorganism-specific ligands.

To date, micro-CT has been used in tick imaging very sporadically.
For the first time, Dunlop et al. (2016) employed micro-CT to recon-
struct a female L. succineus from a Baltic amber fossil to investigate its
relations to modern ticks. Starck et al. (2018) scanned fasting,
semi-engorged and fully engorged I ricinus females to investigate the
morphological adaptations that allow engorgement during feeding.
Recently, micro-CT was used to investigate the mechanisms of blood
acquisition and salivation in I ricinus (Vancova et al., 2020). The latter
two studies visualized ticks’ internal structures stained by standard
approaches like immersion in a contrasting agent and drying. Mean-
while, we used a new staining concept based on feeding ticks with blood
supplemented with a contrasting agent.

Using this approach, we were able to significantly increase the
contrast in the midgut lumen, the midgut epithelium and the rectal sac
(Fig. 3). Interestingly, PEG-AuNPs were not dispersed homogenously in
midgut content during the first 8 days after detachment and the largest
conglomerations sedimented down at the bottom of the midgut diver-
ticula. These conglomerations of highly radiodense particles created
artifacts, such as beam hardening and scattering (see Supplementary
Fig. 3). In contrast, PEG-AuNPs were distributed evenly in the midgut in
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Fig. 2. Transaxial views of engorged Ixodes ricinus females fed on blood with 0 (A); 0.07 (B); 0.14 (C); 0.27 (D); 0.54 (E); 1.08 (F) and 2.16 (G) mg of PEG-AuNPs per
ml of blood. Black arrowheads: epithelial cells of the midgut. Scale bar = 1 mm.

A2 A3

Fig. 3. Coronal (1) sagittal (2) and transaxial (3) views of engorged Ixodes ricinus females fed on blood with 0 (A) and 2.16 (B, C) mg of PEG-AuNPs per ml of blood.

Scanned 12 (B) and 24 (C) days post detachment. ML, midgut lumen; CPT, capitulum; RS, rectal sac. Black arrowheads: epithelial cells of the midgut. Scale bar =
1 mm.

females scanned 12 days and later after detachment and no artifacts of extracellular blood cells lysis and eventually dispersed uniformly in
were observed (Figs. 2G and 3 B, C). A possible explanation for this the midgut lumen by the external muscle layer’s peristaltic contractions
phenomenon may be that gold nanoparticles were attached on blood (Sonenshine and Anderson, 2014). AuNPs could also potentially bind to
cells when imbibed, progressively released by hemolysins in the course some proteins in blood (Ajdari et al., 2017). Still, any explanation is very
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speculative at this stage and further investigation on nanoparticle ki-
netics in arthropods is needed.

Morphological changes in internal organs after a blood meal were
apparent in time, especially between 12 and 24 days post detachment
(Fig. 3, Supplementary Video 1, 2). Changes in the proportions of the
midgut and whole tick volume between 12 and 24 days post detachment
were most likely associated with blood digestion and the egg develop-
ment process. Although the ovaries with eggs were not visible at any
stage after detachment, an enlarged space between dorsal and ventral
midgut diverticula in the specimen scanned 24 days post detachment
indicates the presence of the ovaries in this area. Furthermore, increased
radiodensity of the midgut content at day 24 post detachment can be
explained by the progressive digestion process, when the total volume of
the midgut decreased, but the amount of PEG-AuNPs remained the
same.

The fact that PEG-AuNPs remained mostly in the alimentary system
(see 3D models of the females’ segmented midguts depicted in Fig. 3B,C
in Supplementary Videos 1, 2, respectively) and did not penetrate into
the hemolymph and further into the tick may contribute to the absence
of a significant toxic effect on the numbers of engorged ticks or their
body weights (Fig. 1). To minimize the toxicity of the used gold nano-
particles in the first place, we used in-house synthesized AuNPs covered
in PEG, a coating commonly used to lower the cytotoxicity of nano-
particles (Khlebtsov and Dykman, 2011; Fratoddi et al., 2015). Although
the biocompatibility of AuNPs is somewhat controversial (Connor et al.,
2005; Hainfeld et al., 2006; Khlebtsov and Dykman, 2011; Fratoddi
et al., 2015), from our results it seems that PEG-AuNPs may be safe to
use in tick research. Furthermore, oviposition, hatchability and viability
of tick larvae could not be statistically evaluated due to the fact that
most of the specimens were killed for the scanning. However, we did not
observe any obvious differences in laying eggs between females
engorged on the highest PEG-AuNPs concentration and females in the
control group.

Customarily, small biological specimens such as arthropods were
contrasted by immersion in a solution containing a high-atomic-number
element or by drying, both of which are inconvenient for engorged ticks.
Although general contrasting guidelines can be followed, every new
type of sample needs individual, optimized treatment for the best re-
sults. To achieve this, numerous contrasting solutions containing e. g.
osmium tetroxide (OsOy4), phosphotungstic acid (PTA) or iodine are
available. Even though these elements can satisfactorily enrich contrast
in certain samples, they vary substantially in the penetration speed,
toxicity and affinity. While OsO4 preferably binds to lipids and cyto-
plasmic membranes and should therefore stain all cells, it penetrates
slowly into the sample, does not effectively stain samples stored in
ethanol and is highly toxic (Johnson et al., 2006; Bentley et al., 2007;
Ribi et al., 2008; Metscher, 2009a; Descamps et al., 2014). On the
contrary, PTA is safer to use, contrasts tissues fixed by ethanol and can
effectively visualize structures rich in collagen or other proteins, but is
characterized by moderate diffusion speed (Metscher, 2009b; Descamps
et al., 2014; Nierenberger et al., 2015). Iodine contrasting solutions are
safe to use, versatile, robust and penetrate quickly, but tend to overstain
mineralized tissues (Metscher, 2009a, 2009b). Importantly, staining by
immersion can induce artefacts like shrinkage or deformation (Vick-
erton et al., 2013), which should be especially considered in the case of
relatively sizeable and soft specimens like engorged ticks. The same also
applies for drying by both critical-point drying and applying HMDS
(Nation, 1983; Bray et al., 1993; Kaab et al., 1998). Recently, a study
combining these techniques was published; a fully engorged I. ricinus
female was stained in an iodine solution and dried by critical-point
drying (Starck et al., 2018). This approach, however, led to deforma-
tion of the tick when the cuticle was pressed into the midgut diverticula.
Initially, we tried to modify this concept, but we only obtained unsat-
isfying results (see Supplementary Fig. 2). Therefore, instead of
following these conventional staining methods, relying on applying
chemicals to the specimens, we investigated the opposite contrasting
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direction based on the hematophagous nature of the ticks. We aban-
doned our early idea to feed ticks on laboratory rodents injected with a
blood-pool contrasting agent, because its vascular residence times
(Nebuloni et al., 2013) may not satisfactorily cover the entire feeding
time of hard ticks like I ricinus. Instead, we employed in vitro feeding,
which gave us total control over the concentration of the contrasting
agent administered to the blood during the whole course of feeding.

In our study, however, PEG-AuNPs remained mostly in the midgut
and the rectal sac and did not penetrate further into the tick (Fig. 3B, C).
It is possible that other types of AuNPs (modified in size and surface
coating) would pass into the hemolymph and contrast additional organs
e. g salivary glands or ovaries for it is known that size, surface charge,
coating and AuNPs’ shape affect their penetration into various tissues in
mammals (Hainfeld et al., 2006; Hu et al., 2006; Longmire et al., 2008;
Perrault et al., 2009). Similarly, different staining patterns may also be
observed for other nanoparticles not based on gold, if blood supple-
mented with these nanoparticles were imbibed by ticks. In any case,
imaging the anatomy of ticks adds to the growing number of AuNPs’
utilizations and further broadens its largely unexploited versatility.

5. Conclusions

In this study, we describe a novel in vivo technique to stain engorged
I ricinus adults using gold nanoparticles for micro-CT imaging. By
allowing the ticks to imbibe blood enriched with PEG-AuNPs, we ach-
ieved sufficient contrast to observe midgut lumen, midgut epithelium
and rectal sac in their natural state unaffected by the shrinkage or
deformation caused by traditional contrasting methods. To the best of
our knowledge, this is the first study using AuNPs in imaging blood-
feeding arachnids.
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