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How to Improve Spermbot Performance

Veronika Magdanz,* Mariana Medina-Sdnchez, Yan Chen, Maria Guix,

and Oliver G. Schmidt

Spermbots are biocompatible hybrid machines that consist of microtubes
which are propelled by single spermatozoa and have promising features for
powering nano and microdevices. This article presents three approaches on
how to improve the performance of such spermbots. First, 20 pym microtubes
produce faster spermbots compared to the previously reported 50 pm long
microtubes. Furthermore, biofunctionalization by microcontact printing and
surface chemistry of biomolecules on the inner tube surface improve the
coupling efficiency between sperm cell and microtube, and the addition of
caffeine results in a speed boost of the sperm-driven micromotor.

1. Introduction

Over the last decade, biohybrid approaches for the actuation
of objects and performance of robotic tasks on the microscale
have become an increasingly important matter of scientific
interest.!l Besides catalytic micromotors, > which are prom-
ising for sensing/®® and environmental monitoring,®! bio-
compatible solutions are sought after especially for challenging
biomedical tasks such as drug deliveryl'>!3! or noninvasive
surgery.*1% Motile cells are of special interest as microactua-
tors because they have evolved over millions of years to func-
tion efficiently on the microscale in viscous media.l!l Bacteria
and contractile muscle cells have been harnessed as propulsion
sources in many approaches for the development of biohybrid
systems that may perform robotic tasks on the microscale in
the future.l'-20)

The sperm-flagella driven microbiorobot which we recently
demonstrated?!! is the first example of a remotely controlled
movement of a spermatozoon, where the cell becomes cap-
tured inside a ferromagnetic microtube and its tail propels the
tube forward while it is aligned by an external magnetic field.
This approach could be of practical relevance, because it not
only uses the sperm cell as a physiological power source but
also implies the option of delivering a single sperm cell in a
controlled way to a desired location. Therefore, this spermbot
has promising applications in the field of reproduction biology,
medicine, and technology.?>%3]

The motion of the sperm driven microbiorobot (also
referred to as spermbot) was previously characterized in
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dependence on the tube radius, cell
penetration inside the microtube and
temperature.?!l The separation of the
coupled sperm cells on chip by the use of
an external magnetic field was also dem-
onstrated. However, it was reported that
the speed loss due to the flagella confine-
ment inside the 50 pm long microtubes
is very high and results in an average
velocity of 10% of the initial cell speed,
depending on tube radius and penetra-
tion of the cell. Another drawback is the
actual coupling process of the sperm
cell with the microtube which occurs
randomly and therefore results in a relatively low coupling
efficiency.

In this article, three methods are described that improve the
performance of the spermbot. First, the rolled up microtubes
are designed to be shorter in length (20 pm instead of 50 pm
long), second, fibronectin (Fn), a protein which can bind to
sperm cell membranes, is added on the inside of the microtube
to obtain a better coupling between the motile cells and the
microtubes. Third, caffeine is added to the solution of moving
spermbots, causing a temporary motility boost of the cells. All
these methods improve the performance, resulting on both
higher speed of the spermbot and higher coupling efficiency
between the microtube and the free sperm cells.

2. Results and Discussion

2.1. Short Microtubes Result in Faster Spermbots

The speed of the spermbot is determined by the confinement
of the sperm flagellum inside the microtube.?!l This article
demonstrates how the spermbot speed is increased by using
short 20 pm microtubes. Figure 1 displays an array of 50 pm
microtubes (A) and 20 pm microtubes (B), fabricated via roll-up
nanotechnology.?? The diameter of the microtubes was tuned
to be consistently around 7 pm, which offers the possibility to
capture bovine spermatozoa.?!! The shorter tube offers the fla-
gellum the possibility to move more freely and take advantage
of its full amplitude (Figure 1D), which is restricted in long
microtubes (Figure 1C). The full length of a bovine spermato-
zoon, including its head (10 pm long) and flagellum, is around
60 pm. Therefore, the 20 pm tubes capture only the cell head
and a maximum of 10 pm of the shaft of the flagellum; even
if the cell has entered the tube completely (see Video S1, Sup-
porting Information, for a 50 pm long spermbot and Video
S2, Supporting Information, for a 20 pm long spermbot). In
50 pm spermbots, the flagellum is often confined over a longer
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Figure 1. Comparison of spermbot velocity consisting of 50 and 20 pm microtubes. Array of rolled up A) 50 ym and B) 20 pm long microtubes,
7 pm in diameter. A bovine spermatozoon captured inside a C) 50 pm and D) 20 pm rolled up microtube. E) Average and F) relative velocities of the
spermbots. The relative velocity is the spermbot velocity divided by the velocity of the free sperm cell times 100. Error bars in E) and F) are values of

standard error of the mean.

distance, for example, over 30 pm length of the spermato-
zoon, as can be seen in Video S1, Supporting Information,
and Figure 1C. The average spermbot velocity can be improved
from 10.4 pm s7! (in case of a 50 um long spermbot, standard
error of the mean: 0.2 um s7!) to 33.3 pm s! (see Figure 1E,
standard error of the mean 3.6 pm s7%) with a velocity relative
to the initial free cell speed of 83.5% (see Figure 1F, standard
error of the mean 3.4%). This means that when microtubes of
20 pm length are used for the cell capture, the initial free cell
speed is only reduced by 16.5% compared to an average speed
reduction of 81.7% for a 50 pm spermbot. In addition to the fla-
gella confinement, another factor causing the speed reduction
in the majority of spermbots is the wobbling of the tube, as it
can be observed in Videos S1 and S2, Supporting Information.
When the flagellum touches the tube walls, it causes the tube
to stagger or even rotate during its forward motion. This effect
is likely to contribute to the velocity reduction of spermbots

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compared to free spermatozoa. The phenomenon and its effect
on the spermbot performance are worth being studied in future
investigations.

2.2. Biofunctionalization Improves Sperm-Tube
Coupling Efficiency

The second method of improving spermbot performance is
mainly focused on enhancing the coupling efficiency. In addi-
tion to the physical trapping of the cell inside the microtube,
the cell-tube binding is supported by attaching biomolecules on
the inner tube surface that interact with the sperm cell mem-
brane during the coupling. There are several candidates that
are able to bind to sperm cells such as Fn, hyaluronic acid, and
others.”>= The glycoprotein Fn is a component of the extracel-
lular matrix which is also present in the surroundings of the
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Figure 2. Schematic of two biofunctionalization approaches to immobilize adhesion molecules (proteins such as Fn or carbohydrates such as hya-
luronic acid) onto the inner microtube surface. A) By functionalizing a gold or silicon dioxide surface using EDC/NHS (N-(3-Dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride and N-hydroxylsulfosuccinimide) chemistry. The inset in A) shows the formation of a self-assembling monolayer
(SAM) onto the gold surface, linking to EDC and NHS and binding of Fn (target protein), then Fn binds to receptors of the sperm cell membrane.
B) Microcontact printing onto an array of nanomembranes before roll-up using a PDMS stamp which is casted from an SU-8 master. The stamp is
incubated with Fn solution prior to the printing onto the array of deposited nanomembranes. After the printing, the nanomembranes are released
into microtubes by solving the sacrificial layer with ethanol. The inset in B) shows the binding scheme of the sperm cell onto the Fn-modified tube.

oocyte.?®] Spermatozoa possess cellular adhesion molecules,

also called integrins, on their cell membrane that can bind to Fn.
The integrins connect the external environment with the interior
cytoskeleton of the cell and act as mediators.l?®%”! Fn was recently
utilized in a high throughput platform to attach and analyze
single spermatozoa to a planar surface.?8! One of the goals in
this work was to attach Fn on the inner tube lining. In order to
do so, two attachment methods are compared: functionalization
of the inner tube surface by surface linker chemistry and micro-
contact printing technology (see schematics in Figure 2).

Hyaluronic acid binds specifically to mature sperma-
tozoal?*31 and its fluorescently labelled version was used in
our experiments for characterization of the two methods of
biofunctionalization. Since the molecule contains a fluorescent
group, the distribution of the biomolecule on the surface can be
directly observed by fluorescent imaging (see Figure 3) imme-
diately after functionalization without additional conjugation
steps. Hyaluronic acid was also tested as sperm coupling agent
inside microtubes, but coupling was not increased as signifi-
cantly as with Fn.

The initial sample preparation is identical for both methods:
a glass substrate patterned with photoresist is prepared by
using photolithography. Afterwards, nanomembranes are
deposited using electron beam evaporation. The deposition of
nanomembranes can be varied to obtain the desired functional-
ities. Fe introduces a ferromagnetic layer for later external con-
trol. Ti offers a good adhesion layer onto the glass substrate and
Au or SiO, are useful as top layers for surface functionalization,
as described in the following paragraph.

For approach A (see Figure 2A) the array of nanomem-
branes is rolled up into microtubes by etching the underlying
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photoresist layer using an organic solvent such as ethanol, iso-
propanol, acetone, or dimethylsiloxane.?*! Functionalization of
proteins on the surface of rolled up microtubes has been pre-
viously presented.’2* In the case of a gold surface as inner
tube layer, the first step is the formation of a self-assembling
monolayer (SAM) of thiolated molecules ending with carboxylic
groups. In case of the silicon dioxide as an active layer for func-
tionalization, the first step is the surface activation by oxygen
plasma or piranha treatment and subsequent silanisation with
2% carboxyethylsilantriol, in order to create exposed carboxylic
groups. This surface modification creates an anionic, hydro-
philic coating. The second step for both surfaces (gold and SiO,)
is the incubation with N-(3-Dimethylaminopropyl)-N-ethylcar-
bodiimide hydrochloride (EDC) and N-hydroxylsulfosuccin-
imide (NHS), which activate the carboxylic groups to create a
covalent binding with the amino-groups present on the protein
(in case of fibronectin) (see Figure 2A). In the case of hyaluronic
acid, it is done in the same way, except for the change of the
SAM (in the case of gold functionalization), which should have
ending amino groups, and in the case of SiO,, it is necessary
to exchange the silane with APTES ((3-aminopropyl)triethoxysi-
lane), which has exposed amino groups that will bind to the car-
boxylic groups present in the hyaluronic acid in a covalent way.
More details can be found in the Experimental Section below.
The second method to attach Fn inside the microtubes is
done by microcontact printing. This technique involves the
printing of the target protein directly on the nanomembranes
before the roll-up of the microtubes. This method is a form of
soft-lithography, which was introduced in 1996 by Whitesides
and co-workers at Harvard University*®! and was also applied for
binding sperm cells onto glass or polystyrene surfaces printed
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Figure 3. Characterization of the two proposed functionalization strate-
gies. The top image in A) shows 20 ym long microtubes that are function-
alized with fluorescent hyaluronic acid using the EDC/NHS chemistry.
The second image in A) shows the overlayed DIC (differential interfer-
ence contrast) and green FITC (fluorescein isothiocyanate) channels in
the orthogonal view of the Z-stack. The third image in A) shows only
the Z-stack of the FITC channel. The bottom image in A) is the control
of nonfunctionalized rolled up microtubes. B) shows the SEM Image of
PDMS stamp. C) Fluorescent imaging of the PDMS stamp incubated
with fluorescent hyaluronic acid (1 mg mL™" in water). D) SEM (scan-
ning electron microscopy) image of Fn spots printed on a silicon wafer.
E) Fluorescent image of fluorescent hyaluronic acid printed on a glass
slide after microcontact printing. F) shows nanomembranes before roll-
up that have been printed with hyaluronic acid by use of microcontact
printing. The second image in F) shows the fluorescent signal of the
Z-stack in the FITC channel. The third image in F) shows the control of
nonfunctionalized nanomembranes. The weak fluorescent signal comes
from the photoresist underneath the nanomembranes. The yellow lines
in F mark the position of the orthogonal view.

with Fn.?® Polydimethylsiloxane (PDMS) stamps with squared
pillars (with geometries of 20 x 20 um? and 50 X 50 pm?, height
10 pm) were prepared by using a soft-lithography technique.
This PDMS stamp was soaked in a Fn solution, dried with a
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nitrogen gun and transferred onto the nanomembrane array,
achieving an exact alignment with the nanomembrane array
(see Figure 2B). After proper alignment, the protein was trans-
ferred onto the array by applying a uniform weight onto the
stamp (details in the Experimental Section). Subsequently, the
nanomembranes were rolled up into tubes by immersing them
in ethanol for a few seconds, removing in this way the sacri-
ficial layers underneath the nanomembranes, as it was previ-
ously reported by our group.*4

The two methods have different effects on the local concen-
tration of the protein in the different areas on the tube array.
The surface chemistry approach with EDC/NHS attaches the
biomolecule on a large area in a uniform manner. Figure 3A
shows the fluorescent signal from hyaluronic acid that was
functionalized via the EDC/NHS method. It illustrates that
the biomolecule is distributed evenly on the glass surface.
It is slightly more concentrated where the microtubes are
located, as can be seen in the orthogonal view of the Z stack in
Figure 3A. Microcontact printing leads to a high quality depo-
sition of the biomolecule in a localized and patterned way.3¢-37]
During this technique, the target molecule attaches via surface
adhesion on the silicon dioxide surface. The scanning electron
microscopic image of the PDMS stamp in Figure 3B displays
the shape of the pillars that are used to stamp the target mol-
ecule onto the substrate. The defined fluorescent signal by
the pillars of the PDMS stamp which was soaked in fluores-
cent hyaluronic acid is displayed in Figure 3C. As shown in
Figure 3D-F in the scanning electron and fluorescent images,
the printed hyaluronic acid is only present where the stamp
pillars were touching the substrate. The bottom image in
Figure 3F shows the control image of an array with nonprinted
nanomembranes. This proves that the photoresist shows auto-
fluorescence,®®¥ which causes a weak fluorescent signal in the
control image.

After the surface functionalization with Fn or hyaluronic
acid by the use of these two techniques, finally, the bovine
sperm cells are incubated on the sample containing at least
500 modified microtubes, during 30 min at 37 °C and 5% CO,.
Immediately after incubation, the coupling efficiency was eval-
uated by microscopic analysis based on the number of micro-
tubes containing spermatozoa in relation to the total number
of microtubes.

Hyaluronic acid was tested in 20 pm microtubes and
improved the coupling from 1.1% to 3.1% (standard error of the
mean: 0.8%). The lower coupling increase of hyaluronic acid
compared to Fn (average 4.8%, with standard error of the mean
1.6%, see Table 1) can be explained by the specific binding
of only matured spermatozoa to hyaluronic acid. It is known
that hyaluronic acid is a natural component of the extracellular
matrix of the cumulus cells which surround the egg cell and
that it is involved in the selection process of spermatozoa prior
to fertilization in vivo. Only spermatozoa that have undergone
the necessary maturation steps for fertilization named capacita-
tion (i.e., formation of zona pellucida binding sites) and are still
viable, contain high DNA integrity, and have not yet acrosome
reacted are able to bind to hyaluronic acid.?>! The percentage
of capacitated cells in a population of spermatozoa is generally
around 10% which explains why the increase in coupling suc-
cess rate is fairly low.??

Adv. Funct. Mater. 2015, 25, 2763-2770
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Table 1. Summary of results from functionalization of microtubes via surface chemistry and microcontact printing and its effect on the coupling effi-

ciency between sperm cells and microtubes.

50 ym tubes 20 ym tubes Method of biomolecule attachment
Average speed?) 10.4£0.2 pm s~ 333+3.6pms!
Relative speed®) 18.3 +0.4%") 83.5+3.4%
Coupling success Bare microtubes? (control) 23.6+£1.9% 1.1+£0.2%
+Fn on Au or SiO,? 38.6£3.6% 48+1.6% Surface chemistry (EDC/NHS linkers)
+HA on SiO,®) 3.1+£0.8% Surface chemistry (EDC/NHS linkers)
+uCP Fn on SiO,® 58.7+£2.2% 8.0+1.7% Adsorption from stamp

ANumber of experiments > 12; P)Speed data for 50 pm spermbots were taken from type A spermbots (see ref.?']); IRelative speed of spermbot refers to initial free cell
speed of spermatozoon; 91n the control samples, microtubes were used that have not been functionalized. Average value from 5 experiments; ©Each experiment was
conducted 2-3 times with cell count of >100 each time. Notes: Fn: fibronectin, uCP: microcontact printing, EDC: N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride, NHS: N-hydroxylsulfosuccinimide. Standard deviation is displayed as standard error of the mean.

In our study we focus on the use of Fn as sperm binding
agent for improving coupling efficiency, because it addresses
the general population of sperm cells. Every sperm cell inde-
pendent of its maturation state is expected to exhibit active
Fn binding receptors on its surface. Figure 4 shows that for
Fn-containing 20 pm microtubes the coupling efficiency was
improved from 1.1% (control, nonfunctionalized, standard
error of the mean 0.2%) to 4.8% by surface chemistry (standard
error of the mean 1.6%) and to 8.0% by pCP (microcontact
printing) (standard error of the mean 1.7%). In 50 pm micro-
tubes, the coupling efficiency is improved from 23.6% (control,
nonfunctionalized tubes, standard error of the mean 1.9%) to
38.6% by surface chemistry with a standard error of the mean
of 3.6% and to 58.7% by the pCP method (standard error of the
mean: 2.2%). In general, the coupling of spermatozoa inside
microtubes occurs solely due to mechanical trapping of the cell
inside the tube in case of the nonfunctionalized microtubes.
Both methods, pCP and EDC/NHS surface chemistry, improve
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Figure 4. Coupling efficiency of microtubes with bovine sperm cells in
20 and 50 pm microtubes using two different approaches. EDC/NHS:
functionalization of Au or SiO, surface using surface chemistry or pCP:
microcontact printing of the protein directly on the SiO, surface. The
control samples are microtubes that have not been functionalized.
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the coupling efficiency by adding a binding component on the
inner tube surface. Microcontact printing results in a better
coupling efficiency compared to NHS/EDC chemistry, because
it deposits a large amount of target molecule exactly on the
nanomembranes before roll-up. Thereby, the local concentra-
tion of target molecules is significantly higher inside the tube
resulting in a higher number of binding events of spermatozoa
inside the microtube. The EDC/NHS method functionalizes
the whole array but does not offer a pre-concentration of the
target molecule inside the microtube. However, it also causes
an increased number of coupling events due to the biochem-
ical linking of the target molecule Fn on the inside of the tube
which binds the spermatozoa.

The coupling efficiency in 50 pm microtubes is generally
higher, which can be justified by the stronger confinement
effect on the sperm flagellum in 50 pm tubes. The short tail
confinement in 20 pm microtubes was mentioned earlier as a
reason for higher spermbot velocity, being also the reason for
lower coupling success in 20 pm microtubes. This can be illus-
trated by comparing the sperm cell inside the tube to rotating
a rope in circular and wavy motion through a tube. The rope
keeps hitting the inner walls of the tube and this causes an
impact force on the rope. This impact force is stronger, the
longer the tube is. As can be seen in Video S1, Supporting
Information, the inner tube area that interacts with the fla-
gellum in a 50 pm long spermbot is larger than in Video S2,
Supporting Information, which shows a 20 pm long spermbot.
Therefore, in a 20 pm tube it is easier for the spermatozoa to
slip through because the impact force on the flagellum which
is thought to cause the trapping is much lower than in a
50 pm long tube. The influence of tube radius can be neglected
because both, 20 pm and 50 pm microtubes, were fabricated to
have a diameter of around 7 pm.

2.3. Caffeine Addition for a Spermbot Speed Boost

The last approach to improve spermbot performance is car-
ried out by adding caffeine to the sperm medium. Caffeine is
a phosphodiesterase inhibitor that increases spermatozoon
motility.*] As an important step in achieving fertilization, caf-
feine is used for the induction of in vitro acrosome reaction
in mammalian sperm cells.*! It is also known that caffeine
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Figure 5. Spermbot speed boost by addition of 2 x 103m caffeine to the
medium. The graph shows the normalized spermbot speed (in relation
to initial spermbot speed before the caffeine addition) over time. Total
number of 29 cases.

increases sperm motility by causing hyperactivity. Thereby, caf-
feine increases calcium levels in the cell by opening calcium
channels in the plasma membrane of the sperm flagellum. The
raised calcium level causes hyperactivation which is character-
ized by an asymmetric flagella beating and enables the cell to
penetrate the cumulus cells and the zona pellucida which sur-
round the egg cell. This indicates that hyperactivation helps
sperm to reach the oocyte and fertilize it.[*2*3]

With the aim of increasing sperm cell motility once the cell
is captured inside the microtube and functions as a spermbot,
1 pL of 100 X 1073 M solution of caffeine in SP-TALP (modi-
fied Tyrode’s albumin lactate pyruvate medium) was added to
a solution of 50 pL actively swimming spermbots. The sperm-
bots were video-recorded and the velocity was calculated over
time. Figure 5 illustrates that the spermbot velocity is increased
slightly about half a minute after addition of caffeine to the
medium (to a final concentration of 2 x 1073 m).[*4]

Unfortunately, this increase in motility by caffeine is only tem-
porary and results in a lower velocity after about 1.25 min. How-
ever, caffeine leads to a temporary speed boost of the spermbot
and increases their speed by 30% on average. It is known from
studies about the influence of caffeine on spermatozoa, that this
might be a transitory effect and that the speed boost diminishes
over time.*%% The biochemical response to caffeine is not equal
in each cell. Depending on the initial cell state and cytoplasmic
calcium concentration before caffeine addition, the caffeine
addition might increase the velocity more or less.l*) In addition,
the experimental setup did not always allow a precise velocity
change analysis over a short time. Sometimes it was difficult to
track the spermbot during and after the caffeine addition. These
reasons result in the large error bars in Figure 5.

3. Conclusion

In conclusion, three approaches are presented to improve
spermbot performance: shorter microtube design for higher
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spermbot speed, binding of sperm cells on fibronectin-func-
tionalized tube surface for better coupling efficiency and speed
boosting by addition of caffeine. These versatile approaches
demonstrate that the performance of spermbots can be influ-
enced by many different factors, such as physical confinement
of the single cell and interaction with biomolecules.

The two approaches to attach biomolecules to the inner
tubes surfaces via surface chemistry and microcontact printing
both improve the trapping of sperm cells inside the microtubes.
In nonfunctionalized microtubes, the trapping happens solely
due to physical confinement. Here, the sperm membrane-Fn
binding increases the number of coupling events attributable
to biochemical interaction of the receptors located in the sperm
cell membrane and the Fn that is attached on the inner tube
surface. The microcontact printing method results in a high
quality deposition method for localized biomolecule immobili-
zation on the nanomembranes compared to the surface func-
tionalization by EDC/NHS chemistry. We demonstrate that
microcontact printing can be combined with rolled up nano-
tech in order to print biomolecules or other target molecules
in specific spots on the nanomembranes. One huge advantage
of the microcontact printing method is that it circumvents the
need of linker agents and that it can be applied before the roll-
up of nanomembranes. Still, surface chemistry is a good option
for creating a uniform distribution of target molecules on a
larger surface.

With the presented methods we achieve an increase of
the average spermbot velocity to 33.3 pm s~! for 20 pm long
microtubes and an increase of coupling efficiency to 58.7% for
50 pm microtubes. Table 1 gives a summary of the achieved
results. Even if this article describes substantial improve-
ments in spermbot performance, the spermbot design could
be enhanced further to optimize sperm cell motion inside the
trapping microstructure. Furthermore, the coupling still relies
on random events and is not controlled. It will be helpful to
develop a method that attaches previously selected single sperm
cells to the microtubes in a controlled manner. Overall, it will be
helpful for future applications to gain a deeper understanding
of the interaction between sperm cells and their trapping inside
microtubes.

4. Experimental Section

Fabrication of Microtubes: Photomasks with 50 X 50 pm squares and
20 x 20 pm squares were written using the laser lithographic mask
writing tool DWL66. 18 X 18 mm cover glasses were spin-coated with
photoresist ARP 3510, prebaked and patterned with the 50 pm or 20 pm
square photomask by photolithography. The photoresist was developed
subsequent to the lithographic step. Electron beam evaporation was
conducted with an Edwards AUTOS500. The parameters for the 70°
angled deposition were: 10 nm Tiat 3 As™, 10 nm Crat 1 A s™' and
as last layer either 5 nm SiO; or 10 nm Au. The nanomembranes were
rolled up by removal of the photoresist underneath the nanomembranes
by addition of ethanol (70%). This resulted in 20 or 50 pm long
microtubes, respectively, with a diameter of 6-7 pm.

Microcontact Printing: The microcontact printing was done on the
array of nanomembranes before their rollup. Polydimethylsiloxane
(PDMS) stamps with squared pillars (with geometries of 20 X
20 pm? and 50 x 50 pm?, height 10 um) were prepared by using soft-
lithography technique. Briefly, a SU8 master was fabricated by standard

Adv. Funct. Mater. 2015, 25, 2763-2770
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photolithography methods. Then the PDMS (Sylgrad 184, Dow Corning,
Germany) prepolymer was mixed with the curing agent at a ratio of
10:1 (w/w) and degassed by using a desiccator. Then the PDMS was
poured onto the SU8 master and baked overnight at 65 °C. Afterwards,
this PDMS stamp was soaked in a fibronectin solution (1 mg mL™)
or fluorescein hyaluronic acid (1 mg mL™) for 40 min, dried with a
nitrogen gun and transferred onto the nanomembrane array using
the lambda aligner (FINEPLACER lambda, USA), achieving an exact
alignment with the nanomembrane array (see Figures 2B and 3A).
After proper alignment, the biomolecule was transferred on the array
by applying an uniform weight (20 gr) onto the stamp, during 40 min.
Afterwards, the nanomembranes were rolled up into tubes by immersing
them in ethanol, removing in this way the sacrificial layers behind the
nanomembranes, as it was reported previously for our group.?

Functionalization of Rolled Up Microtubes: The array of rolled up
microtubes was chemically activated with a piranha treatment (25%
H,SO,4 and 15% H,0, for 1 h) immediately after rollup in ethanol.
Afterwards, the sample was washed in water. For the silanization, 2%
carboxytheylsilantriol was placed on the sample and incubated for
3—4 h at 37 °C. In case of fluorescein hyaluronic acid functionalization,
2% APTES was incubated for 1-2 h on the substrate with rolled up
microtubes. The samples were washed three times with water and
then immersed in N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxylsulfosuccinimide solution (NHS) in
a 1:1 mixture with a final concentration of 0.1 m EDC and 0.025 m NHS)
and 20 pL of Fn (1 mg mL™") or fluorescein hyaluronic acid (1 mg mL™),
respectively. The sample was incubated overnight at room temperature
and afterwards washed three times in water.

Sperm Treatment: Cryopreserved bovine semen straws (a kind
donation from Masterrind GmbH) were thawed at 37 °C for 5-10 min
and resuspended in 3 mL SP-TALP medium (modified Tyrode’s Albumin
Lactate Pyruvate Medium) and incubated for 10 min at 37 °C. The array
of microtubes was immersed in the sperm cell solution and incubated
for 30 min at 37 °C. Afterwards, the array was analyzed by optical
microscopy and the cell-tube coupling events were counted. For each
set of experiment of functionalization, 2-3 repetitions were done and
100-1000 microtubes were analyzed each time regarding the coupling
with sperm cells. All chemicals were obtained from Sigma-Aldrich
(Germany), except for SP-TALP (Caisson Laboratories, USA).

Imaging and Analysis: Optical microscopy was carried out with the
inverted Zeiss Observer A.1. Videos were recorded using the Miro eX2
high speed camera from Vision Research and the Phantom Camera
software. Fluorescent images were taken with the Cellobserver in
differential interference contrast channel and GFP channel. For the
Z-stacks, a distance of 0.5 pm between each image was used. Velocity
calculation was done by tracking in Image] (image analysis software
available free of charge). Image) was also used to obtain orthogonal
views of the Z-stacks on images and the brightness and contrast values
were adjusted to equal minimum and maximum values in order to
compare the fluorescent signal qualitatively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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