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Abstract: An integrated system combining a magnetically-
driven micromotor and a synthetized protein-based hyaluronic
acid (HA) microflake is presented for the in situ selection and
transport of multiple motile sperm cells (ca. 50). The system
appeals for targeted sperm delivery in the reproductive system
to assist fertilization or to deliver drugs. The binding mecha-
nism between the HA microflake and sperm relies on the
interactions between HA and the corresponding sperm HA
receptors. Once sperm are captured within the HA microflake,
the assembly is trapped and transported by a magnetically-
driven helical microcarrier. The trapping of the sperm-micro-
flake occurs by a local vortex induced by the microcarrier
during rotation-translation under a rotating magnetic field.
After transport, the microflake is enzymatically hydrolyzed by
local proteases, allowing sperm to escape and finally reach the
target location. This cargo-delivery system represents a new
concept to transport not only multiple motile sperm but also
other actively moving biological cargoes.

Introduction

Nano- and micromotors are being extensively developed
toward numerous biomedical applications,!! ranging from
targeted drug delivery®? and single cell manipulation to
biosensing.””) While much success has been achieved by
employing chemical,®'” physical and biohybrid micromo-
tors,"1? the safety risks of toxic fuels or foreign micro-
organisms remain a barrier that restricts the micromotors’
application in vivo.! Among all reported micromotors,
magnetically-driven ones are of great interest because of
their fuel-free actuation and controllable locomotion based
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on external magnetic fields," which can efficiently penetrate
tissue without visible adverse effects.""! Particularly, helical
micromotors powered by oscillating or rotating magnetic
fields only need very low field strength™ ' compared to those
actuated by magnetic field gradients,"”! making them safer for
the human body and controllable in tissue, as it has been
demonstrated in the vitreous," knee tissue!'” and blood
vessels.?’! Bell et al. fabricated the first helical micromotor by
rolled-up nanotechnology that could transduce the rotational
actuation induced by the rotating magnetic field into trans-
lational motion, relying on the anisotropic drag applied to the
chiral structure of the micromotor.?!! Since then, helical
micromotors have been fabricated by different methods:
strain engineering,*?? glancing angle deposition (GLAD),*!
electrodeposition,”  self-assembly,” and 3D printing."”
They have been used for cargo-delivery of particles,*!
drugs®??! and single passive cells.””! They were utilized to
manipulate micro-objects by direct contact pushing® or by
locally induced hydrodynamic vortexes, a more gentle
mechanism.””! However there is still a major challenge: the
safe transport of multiple active cargoes, in particular of
sensitive motile cells. An example of those cargoes is the
sperm, which is hard to be controllably captured and released
due to its forceful swimming. Additionally, any change in the
medium composition or the transport itself could have
important implications on the sperm function and motility.""
The transport of multiple sperm is crucial to ensure fertiliza-
tion where tens to hundreds of sperm are necessary to reach
the oocyte under normal conditions.’?! Likewise, for any drug
delivery application, the sperm amount directly determines
the drug dosage and the anticancer efficiency of the treat-
ment. Previous efforts have been mainly focused on the
guidance or transport of single sperm® ¥ toward assisted
fertilization®! and targeted drug delivery,** or on exploring
intrinsic sperm taxis mechanism such as chemotaxis,*”) where
sperm are attracted by a chemical gradient present for
example in the vicinity of the oocyte (see Table S1 in the
Supporting Information). The latter mechanism, although
promising for multiple sperm guidance, is not as strong in
mammal sperm. Hence, a harmless micromotor that can
transport collective motile sperm with no influence on their
propulsion and viability is needed. While the collection of
immotile sperm can be done by simple mechanical trap-
ping,” a more robust method with a sperm binding
mechanism must be employed to select and transport the
motile and mature ones. A possible strategy is making use of
HA traps, which are widely used in clinical practice for sperm
selection prior to intracytoplasmatic sperm injection (IC-
SI).*¥ HA is a non-sulfated glycosaminoglycan secretion of
the cervical mucus and the cumulus-oophores complex, and

Wiley Online Library

An dte

Chemie

15029


http://orcid.org/0000-0001-6149-3732
http://orcid.org/0000-0001-6149-3732
http://orcid.org/0000-0001-9503-8367
http://orcid.org/0000-0001-9503-8367
https://doi.org/10.1002/anie.202005657
http://dx.doi.org/10.1002/anie.202005657
http://dx.doi.org/10.1002/ange.202005657

GDCh
~~

15030

sperm showing high HA affinity are known to present lower
rates of aneuploidy and DNA fragmentation, which have
a great influence on the pregnancy outcome.’ Selection
based on HA is crucial as only sperm with intact DNA can
successfully express HA receptors.*” Scheme 1 shows the
concept of the transport of multiple motile sperm by a micro-
flake (MF) made of bovine serum albumin (BSA) and
hyaluronic acid (HA). First, motile sperm are co-incubated
with BSA-HA microflakes. Once sperm are immobilized on
and within the microflake, a magnetic helical microcarrier
(MC) captures the assembly by means of a locally induced
hydrodynamic vortex. After being precisely transported to
the target location, sperm are released by hydrolyzing the
microflake with local proteases present in the surrounding
fluid. Physiologically, proteases are universally present in
different organs of the human body.[*”! Specifically in the
female reproductive system. Trypsin-like proteases, also
called “oviductal proteases” (e.g., “oviductin”), are secreted
by the oviduct at concentrations of around 80 ugmL ™" for
functions such as the external protein degradation,* or the
prevention of oviduct obstruction.”! Besides, sperm also
release proteases such as acrosin and hyaluronidase which
help to penetrate the oocyte cumulus and zona pellucida.™!
Here we employ trypsin as a protease model at concentrations
ranging from 50 to 200 ugmL~' to demonstrate the sperm
release in vitro. In the real scenario several proteases would
serve as enzymatic triggers to catalyze the hydrolysis of the
BSA-HA microflake, thus releasing sperm at the desired
location. By optimizing the size and cross-linking degree of
the microflake, the degradation time can be tuned according
to the duration of the treatment and the time of delivery.

~ In-situ mature sperm
selection

Scheme 1. Concept of the immobilization of a cluster of motile sperm
on the BSA-HA microflake and their magnetic transport by a helical
microcarrier.

Results and Discussion

The microcarrier has a helical body and a cylindrical
cavity in its front. The helical body was designed as a screw
thread with a length of 100 um and a diameter of 50 pm. It was
constructed layer-by-layer in a shape of spiral-like stairs. Each
structural line was exposed horizontally to enhance the
mechanical stability of the structure as it can be seen in
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Video S1. The cylindrical front cavity was designed with the
same diameter of the helical body to confine the cargo. Three
prototypes were fabricated by two-photon polymerization
lithography, with different trapping front cavities: a cylinder
with a solid bottom surface (MC1), a hollow cylinder (MC2),
and a cylinder with a cross-like bottom surface (MC3) (see
Figure 1a). The MCs were coated with a thin film of Fe and
TiO, for the magnetic actuation and biocompatibility, re-
spectively (see details in the Supporting Information). When
the helical body rotates synchronously with the external
magnetic field, it converts the rotational actuation into
translational motion. The MCs can be furthermore guided
by changing the direction of the magnetic field. Hydro-
dynamic simulations of the three MCs designs are shown in
Figure 1b,c and Video S2. Due to the enclosed cavity of MC1,
no fluid vortex was formed to efficiently capture a cargo,
which can also be seen by analyzing the pressure difference
between PO and P1 (Figure 1b). This pressure difference
generates a fluid stream from the tube opening to the outside
part of the tube (PO<P1), pushing away the cargo (Fig-
ure Sla and Video S3). Thus, MC1 exhibited a divergent fluid
(Figure 1b, i-ii and c, i) leading to cargo loss during motion. In
contrast, MC2 with a hollow tubular cavity created a micro-
vortex with PO > P1, which was sufficient to trap the cargo on
its way (Figure 1b, i-ii and c, ii). However, in our experiments
we observed that small cargoes (i.e., small clusters of
immotile sperm or small MF) could easily pass through the
helix lumen and be pushed away by the rotating helix, in
particular when the magnetic field frequency was higher than
40 Hz. This is attributed to the increased flow pressure
difference during the rotation/translation of the MC2 helix
(Figure 1bi-ii). Detailed flow trajectories at different rotating
frequencies are shown in Video S2. To avoid cargo loss, we
added a mesh (cross structure) at the bottom surface of the
cylindrical cavity in MC3 (see Figure 1a). As observed in
Figure 1bi-ii and Figure 1ciii, the increase pressure differ-
ence in the front cavity (PO > P1) was high enough to capture
the cargo during transport (Figure 1d and Video S3). This
result was supported by the visualization of the flow field
around the rotating MC3 (Figure S1b and Video S4). The flow
field was obtained by tracking the tracer particles around
MC3, using a Python implementation of the algorithms
developed by J. C. Crocker and D. G. Grier,* and the mean
squared displacement (MSD) was calculated for all their
trajectories, as shown for other passive and active particle
trackings.**! Therefore, we chose the MC3 design for the
subsequent experiments. Figure le illustrates the overlay
motion sequence of MC3 under rotating magnetic field
actuation (as also shown in Video S5). An open-loop control
over a square-like trajectory was performed, reflecting
a stable swimming behavior of the microcarrier and its fine
synchronization with the applied magnetic field. As depicted
in Figure 1f, the swimming performance of the MC was
strongly influenced by the strength and the rotating frequency
of the applied field in line with previously reported data.l*’!
We found that up to 4 Hz (when applying 4 mT), the MC
responded to the magnetic field by a wobbling behavior.
After the rotation reached the actuation frequency, the
forward velocity of the MC almost linearly increased until
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Figure 1. a) SEM images of three microcarrier designs (MC1, MC2, and MC3). Scale bar: 50 um. Red arrow points at the bottom of MC1 and blue
arrow points at the cross structure of MC3. b) Relative pressure of MCs: (i) Positions of three analyzed relative pressures. PO: 40 um away from
P1 along swimming direction; P1: center of the top opening of the cylinder; P2: 20 pm from P2 along the reverse direction of swimming. Blue
arrow circles indicate the rotation of MCs. Red arrow line indicates the swimming direction. (ii) Relative pressure for the three different
prototypes. c) Flow trajectories showing the fluid vortex of the three prototypes of MCs. Color bar indicates flow velocity (ms™). Prototype with

a trapping front cavity in form of: (i) cylinder with a solid bottom surface, (ii) hollow cylinder, and (iii) cylinder with a cross-like bottom surface
(parameters of the simulation can be found in the Supporting Information). d) MC3 capturing a model cargo (a 40 um polystyrene particle). Scale
bar 50 um. e) Motion sequence of MC3 guided in a rectangular track. Scale bar: 200 um. (f) Swimming velocity of MC3 at two magnetic field
strengths (4 and 8 mT), in the frequency range from 0 to 80 Hz. g) Overlaid motion sequence and track of the transport of a cluster of immotile
sperms by MC3. Blue line and arrows depict the track and directions of the MC movement. Green arrows point at the cluster of immotile sperms.
Scale bar: 50 um.

the rotating frequency reached the so-called step-out fre-
quency (at around 20 Hz)."”l After that, the MC velocity
declined rapidly as it was not able to follow the magnetic field.
A higher field strength shifts the step-out frequency and
therefore increased the peak value of the forward velocity.
The maximum swimming speed (ca. 125 ums ') was achieved
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when applying a magnetic field of 8 mT at 60 Hz. MC3 was
used to transport a cluster of immotile sperm cells as the first
demonstration. Figure 1 g and Video S6 show the trajectory of
the transported immotile sperm by the microcarrier MC3.
When the microcarrier approached the cluster of immotile
sperm, sperm became trapped in the locally-induced vortex in
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its front cavity. The cargo was carried so firmly that MC3
could perfectly follow the direction of the magnetic field,
ensuring a stable steering during the whole MC journey. In
order to evaluate the structural stability of the optimized
carrier (MC3), we first applied a magnetic field of ca. 10 mT at
65 Hz on 31 of them, in sperm media for 20 min. The whole
system was then incubated at 37°C with 95% humidity and
5% CO,. After 3 days, no structural defects were observed in
any microcarrier (Figure S2a). To confirm the MCs swimming
capability, we applied the same magnetic field as before,
observing the same behavior as in their initial state (Fig-
ure S2b). The good structural stability of our microcarriers is
attributed to the outer TiO, layer, which protects the under-
neath magnetic layer of the microhelix. TiO, is a material
which has been used for medical implants due to its
biocompatibility and long-term stability.[*!
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Furthermore, we assessed the swimming performance of
MC3 in saliva, blood and mimicked oviduct fluid (0.4 %
methylcellulose enriched sperm medium), which have typical
viscosities of ca. 6,1 4% and 5.9 MPas (Figure S3), respec-
tively. Different from the motion in sperm media (ca.
0.9 MPas),*! the viscoelasticity and cell composition of such
biological fluids lead to a drifting behavior of the microcarrier
during motion, which is only observed when the micromotor
swims close to a surface. MC3 swam efficiently in saliva at
171441 pms™" (Figure 2ai and Video S7) while being mag-
netically guided to avoid big squamous cells.”? After 10 min,
the microcarrier was found with mucus (mainly consisting of
mucopolysaccharides and glycoproteins)®?! as well as some
small cells attached on its surface, disturbing its steering
capability. In blood, the microcarriers showed a more intricate
swimming behavior due to the complex blood composition
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3x10°%

MC1 simulation

Veloity (mis).
2x103 °

-
o
(=]

Cell viability (%)

Y

e
2 L

Sp_’:q‘p

Figure 2. a) Track of micromotors swimming in different biological fluids (i) saliva, (ii) 4x diluted blood, and (iiij mimicked oviduct fluid. Blue
arrow points at a squamous cell. Mimicked oviduct fluid was prepared with sperm medium (SP-TALP) and 0.4 % methylcellulose containing

10 um microparticles with a concentration of ~3x10° particles per mL. (iv) Track of a microcarrier swimming inside an ex vivo mouse oviduct
channel in a parafilm chip (Figure S4). Scale bars: 300 um. b) Comparison of MC3 and MC1 swimming in 4 x blood. Color bars indicate flow
velocity (ms ™). Yellow arrow points at the spheroidal blood cell cluster accumulated in front of MC1’s front cavity. Scale bars: 100 um.
Parameters of the simulation can be found in the Experimental Section. c) MC biocompatibility assay, (i) exemplary optical images of Hela cells
co-cultured with MC3 and microflakes. Scale bars: 50 um, and (i) cell viability analysis comparing different samples (SP-TALP, MC3, MF and

MC3 -+ MF). (n=4).
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and the presence of a large amount of red blood cells. 4 x
diluted whole blood was used in our experiment as a higher
concentration of blood cells made it increasingly difficult to
track the micromotors by optical microscopy. Figure 2aii and
Video S7 show that during swimming, MC3 pulled the nearby
blood cells into its front cavity by the abovementioned
hydrodynamic vortex which then passed through the helix
lumen, creating a cell-free path behind the propeller. In
contrast, MC1 with a closed bottom cylindrical cavity only
pushed the cells forward and generated a spheroid-shape
accumulation of blood cells at the front. The accumulated
cells increased the hydrodynamic resistance so much that
MC1 was frequently stalled. As a result, MC3 moved faster
(156 £41 pms™") than MC1 (42429 ums'). Figure 2aiii
shows the microcarrier swimming in mimicked oviduct fluid.
Considering the low availability of oviduct fluid our lab
recently developed a substitute which mimics the rheological
properties of oviduct fluid (which has a viscosity between 2.3
and 5.9 MPas at 1 Hz). In this work, we prepared mimicked
oviduct fluid with 5.9 MPas by supplementing sperm medium
(SP-TALP) with 0.4 % methylcellulose and microparticles of
ca. 10 um diameter, mimicking floating epithelial cells. As
displayed in Video S7, the MC3 swam smoothly and control-
lably in such oviduct-mimicking fluid at 197 22 pms™", with
the nearby beads passing through the mesh bottom of the
trapping cavity. Figure 2aiv and Figure S4 show the swim-
ming of MC3 in an ex vivo mouse oviduct channel (see details
in the Supporting Information). When in the middle of the
oviduct channel, the microcarrier swam as efficiently as
without tissue, occasionally the micromotor was halted by
protrusions or sticky parts of the tissue. Thanks to the precise
response of the microcarrier to the external magnetic field,
the navigation strategy was easily adjusted to adapt to the
topography of the swimming path (Figure S4, and Video S8).

To get a better understanding of the interaction between
the micromotors and the surrounding cells during micromotor
swimming, we implemented hydrodynamic simulations with
particles of 5 um diameter that simulate blood or epithelial
cells (Figure 2b). The surrounding cells in the vicinity of MC3
were sucked through its lumen and pushed backward,
facilitating its forward motion. In contrast, the cells close to
MCI1 increased the fluid resistance when accumulated into
a spheroidal cell cluster on the front cavity, slowing MC1
down. The agreement between the simulation and the
experimental results highlight the importance of the hydro-
dynamics analysis for the design of microcarriers which can
properly swim in blood or other cell-containing solutions. As
a conclusion, the proposed microcarrier (MC3) shows great
swimming ability in both synthetic and ex vivo biological
fluids, in in vitro and ex vivo tissues.

We also evaluated the biocompatibility of the employed
materials and carriers prior to sperm capture/transport
experiments by co-incubation with HeLa cells. Trypan blue
was used as an indicator of dead cells and HeLa cell media
was used as blank control. Cell viability was calculated as
a ratio of live cell number in the specific group relative to the
blank control. Magnets were first placed underneath the cell
culture plates to attract the microcarriers down to the
substrate. After 3 days co-incubation, no significant differ-

Angew. Chem. Int. Ed. 2020, 59, 15029 —15037

Research Articles

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

ence was found on the live cell number among the evaluated
samples (Figure 2ci-ii). HeLa cells even started to grow on
the microflake and the helical body of the microcarrier with
several anchoring points. Both the BSA-HA microflake and
the TiO,-coated MC enhanced cell adhesion. The latter was
attributed to the rough surface and the oxide film, which are
well-known factors that improve cell affinity to TiO,.*!

Different from immotile sperm or other passive cargoes,
the trapping of motile ones, whose typical speeds are ca.
100 ums ' is very challenging. While the immotile sperm
are efficiently trapped by the fluid vortex, motile sperm easily
escape due to their strong flagella beating and large propul-
sion forces. To solve this problem, we synthesized a sperm
trapping scaffold based on HA and BSA, which can be
transported by the previously optimized magnetic carrier.
Firstly, HA/BSA microbeads were synthesized by using
a micro-emulsion method (details in the Supporting Informa-
tion). The BSA scaffold was created by heating (75°C for
0.5 h), while the HA microparticles were cross-linked in 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) solu-
tion.”®! The microbead size decreased with increasing con-
centration of the emulgator (see details in the Supporting
Information). As mentioned above, HA was used to trap
motile sperm with intact DNAP! while BSA served as
a matrix to stabilize the HA microparticles and allow the
sperm release after hydroxylation. As shown in Figure 3 a, the
initially produced BSA-HA microbeads have a smooth sur-
face which did not allow the exposure of HA particles for
proper sperm binding, thus sperm easily slipped away
(Video S9). Hence, we gently milled the microbeads at 4°C
using a mortar (see Supporting Information) to roughen the
surface and expose HA molecules to the swimming sperm
cells (see Figure 3b). Although the sperm capturing can be
accelerated by increasing the sperm amount and motility, the
final number of immobilized sperms was mainly dependent
on the microflake size (as shown in Figure 3 c). The size of the
micromotor-microflake assembly was varied from ca. 30 to
80 um (longer axis dimension), smaller than the smallest
dimension of the oviduct channel.*” Figure 3d and Video S10
show the sperm capturing on the microflake. The 80 um
microflake could capture ca. 50 sperm during 10 min co-
incubation. Despite the fact that the sperm capturing becomes
more difficult over time (probably due to the repelling from
the captured sperms), additional attachment could still occur
even after 30 min of co-incubation.

To demonstrate the overall potential of the MC-MF based
system for multiple sperm transport, we fabricated a micro-
fluidic chip (Figure 4ai) with a narrow constriction of 0.5 x
0.5 mm? to mimic the oviduct, where the average narrowest
part is ~ 0.5 mm diameter.”” Figure 4aii illustrates the entire
transport process: first, the microcarrier was slowly guided
toward the sperm-loaded microflake at a low rotating
frequency. If the microcarrier approached the targeted
microflake at a high speed, the docking was easily lost as
the trapping force of the vortex declined rapidly outside the
tube. Once the front opening of the microcarrier got close
enough to the microflake, the rotating frequency was
increased to over 20 Hz to generate a powerful vortex to
firmly trap the microflake. After MC-MF reached the target
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Figure 3. a) SEM image of a BSA-HA microbead. Red arrows point at the HA particles (<1 um size). Scale bar: 20 um in the low magnification
image and 2 um in the magnified image. b) SEM image of the resulting microflake after milling the microbead of Figure a. Scale bar: 20 um in
the low magnification image and 2 um in the magnified image. c) Sperm immobilization on microflakes of different sizes. (i) Optical microscopy
images. Scale bar: 50 um; 20 um in the magnified image. (i) Sperm number related to the microflake size (n=3). d) Image sequence showing
the sperm capturing on a microflake. Red arrows point at one sperm before and after being captured. Blue arrows point at the already

immobilized sperm. Scale bar: 50 pm.

position, the cargo release was accomplished by simply
unscrewing the MC by rotating the magnetic field in the
opposite direction. The whole transport process can be seen in
Video S11. Finally, the captured sperm were released by
enzymatically hydrolyzing the BSA matrix, In general,
protein hydrolysis occurs on the peptide linkages.” During
the preparation of the microflake, the aggregated proteins
lose the solubility after heating due to an exposure of the
hydrophobic groups.”” The aggregated proteins become
more unstable, especially in the presence of proteases, as
the peptide linkages are also exposed to water.””*! To
demonstrate the enzymatic sperm release from microflake,
we used trypsin as a model protease to mimic the function of
the proteases in the oviduct. Trypsin was added into the
microfluidic chip through inlet 2 at a final concentration of
100 pygmL " (see Figure 4a). Figure 4b and Video S12 show
the release by enzymatic disintegration of the BSA-HA
sperm-loaded microflake. At the beginning, the microflake
was disintegrated very slowly in part due to the slow diffusion
of trypsin from the channel opening to the location of the
microflake as well as due to the microflake’s hydrophobic
nature. After about 4 min, the first sperm started to be
released from the microflake. After that, the microflake was

15034 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

rapidly disintegrated, releasing the total amount of captured
sperms after ca. 10 min (600 s) (see Figure 4c). We also tested
the sperm release in SP-TALP without proteases. The
immobilized sperm were well attached to the microflake in
1h of co-incubation at 37°C, revealing a stable coupling.
Moreover, the release was also influenced by the microflake
composition. Video S13 shows the release from the micro-
flake with a low 1:1 ratio of BSA/HA. As little amount of
BSA did not form a dense scaffold to separate HA particles,
the HA particles agglomerated in the presence of EDC. As
a consequence, during the dissolution of the BSA scaffold, the
captured sperm remained close to each other and stayed
attached, affecting their motion performance after release.
We therefore optimized the BSA/HA ratio to 4:1 to ensure
a proper HA particle distribution, sperm immobilization and
release. After being released, sperm conserved their motility,
showing just a slightly decrease of ca. 20 % compared to the
untreated sample (see Figure 4d).

To monitor sperm motility over time after sperm release,
we first separated the captured sperm from the free ones. The
microflakes were immobilized onto 3.5 cm diameter petri
dishes in advance. After the immobilization, the petri dishes
were washed with SP-TALP to remove the uncoupled sperm,

Angew. Chem. Int. Ed. 2020, 59, 15029 —15037
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Figure 4. a) Transport of a sperm-loaded microflake by a magnetic microcarrier. (i) Microchip for sperm transport. 1: inlet for sample introduction;
2: inlet for trypsin introduction; 3: outlet for pressure balance. Red arrow line indicates the transport path. Scale bar: 2 mm. (ii) Image sequence
illustrating the transport and release of the microflake by MC3. Scale bar: 200 um. b) Phase contrast images showing sperm release during
microflake hydrolysis by trypsin. Blue arrow points at a HA aggregation. Red and green arrows point at the sperms before and after release,
respectively. Time stamp: min:s. Scale bar: 50 um. c) Influence of trypsin concentration on sperm release. Total number of initially captured
sperms in the microflakes of gray color (1-3): 75, 37, 48 captured sperm; red color (4-6): 50, 55, 40 captured sperm; blue color (7-9): 56, 38, 39
captured sperm. d) Sperm motility under trypsinization. (i) Sperm motility over 8 h (n=4). (i) Swimming track of sperm released from

a microflake after 0.5 h of trypsinization. Purple circles point at sperm heads. Brown arrow points at a HA aggregation. Red arrow points at a re-
immobilized sperm. Scale bar: 50 um. Error bars come from the standard deviation of sperm motility among 4 replicates (with 10 monitored
fields of view). e) DOX-HCI distribution in the cancer spheroid over time. A microflake containing drug-loaded sperm was transported and
delivered by MC3. Trypsin was terminated at 20 min after the microflake delivery. Scale bars: 50 pm.

thus avoiding any artifacts caused by the free ones on the
motility analysis. Trypsin was added to the solutions at a final

cell death despite the fact that it might induce membrane
protein degradation over time in high concentrations.!l In

concentration of 100 pgmL™" to release the sperm. Figure 4di
depicts the motility percentage over time under trypsiniza-
tion. No difference was found between trypsin-treated free
sperm and the untreated ones, as trypsin cannot induce direct
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the first 4 h after treatment, released sperm also showed no
difference from the other groups, implying that the micro-
flake-based capturing and enzymatic release processes have
no significant influence on sperm motility. As an example,
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swimming trajectories of the released sperm at 0.5h were
recorded (see Figure 4dii). Released sperm and HA particles
were both found in the solution. While most sperm swam
away, some of them remained on the residual HA parts after
the microflake disintegration (see Video S14). Although we
did not observe significant differences among the analyzed
groups at the beginning, there was a more pronounced
motility decrease after 4 h, probably due to the accumulation
of pyrolysis products of BSA which might affect sperm
metabolism.[”l Another factor that affects release perfor-
mance is the trypsin concentration. As depicted in Figure 4c,
the release rate declined as the trypsin concentration
decreased. The release time can be further regulated by
tuning the crosslinking degree of the BSA, considering the
normal lifetime of sperm cells under physiological conditions
(for bull sperms, it is about 8 h).5

To show the potential application of the proposed system
as drug carriers, we evaluated its drug delivery capability on
HeLa spheroids as tumor model. DOX-HCI was used here as
a model anticancer drug as well as fluorescence indicator due
to its self-fluorescence at 470 nm excitation wavelength. We
first transported a single microflake containing drug-loaded
sperm toward a cancer spheroid in a trypsin-enriched
environment as shown in Figure 4e and Video S15. Neither
DOX-HCI leakage nor sperm escape was found during the
transport (< 3 min) as shown in Figure 4e. After 20 min, fetal
bovine serum was introduced to terminate the trypsin effect.
After 24 h culture, the drug was well distributed on the cancer
spheroid (Figure 4¢). Given the fact that the sperm amount
from a single microflake was not enough to draw a statistic
conclusion, we evaluated the cell killing efficiency by
mimicking the transport of 10 microflakes (with ca. 50 drug-
loaded sperm on each) to tumor spheroids by manual
pipetting (details are included in the Experimental Section
and Figure S6). The results are in agreement with previously
reported data on free swimming sperm,” ! and show that
microflakes-drug loaded sperm are efficient in killing cancer
cells (see Figure S6¢). Remarkably, a good cancer cell killing
effect is also observed for sperm delivered without anti-
cancer drugs, which can be explained by the lethal impact of
sperm tail beating on the cancer spheroids.”>!

Conclusion

A helical micromotor actuated by an external magnetic
field was used to actively transport and release a HA-BSA
microflake which was employed as scaffold to capture mature
and motile sperm cells. The magnetic microcarrier was
characterized in different biofluids (e.g., saliva, blood and
synthetic oviduct fluid), and optimized to ensure efficient
cargo transport. The release of motile sperm from the
microflake relied on the enzymatic hydrolysis of the BSA
scaffold which disintegrated over time (ca. 10 min). In the
reproductive system, proteases including oviduct proteases,
acrosin, and hyaluronidase facilitate the hydrolysis of foreign
proteins,”>* thus being suitable for the disintegration of the
BSA-HA microflake when applying the proposed system in
a living organism. The method to temporarily attach moving
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cargoes using a protein-chemoattractant based scaffold opens
up new possibilities for multiple sperm cargo-delivery appli-
cations as well as for other motile living organisms or cells
such as bacteria and macrophages whenever multiple of them
are necessary for an effective treatment. However, there are
remaining challenges to overcome before the proposed sperm
carrier can be applied in the clinic either for assisted
fertilization or drug delivery applications. Real-time naviga-
tion in deep tissue is perhaps one of the most important ones.
When conventional imaging strategies are either too slow or
too coarse, the recent developed optoacoustic imaging system
is one promising alternative to solve the problem of real-time
imaging of moving single micromotors in deep tissue (ca. 1 cm
deep).* %1 Another hurdle that needs to be considered is the
complex environment inside the reproductive system in vivo,
from which there is very little known from the literature, for
example the oviduct hydrodynamics in the presence of
oocytes and micromotors or the exact fertilization timing.
Fortunately, versatile micromotors not only enable various
bio-applications but can also be used as non-invasive micro-
tools to study cell/tissue biophysics® or perform local
sensing.[®]
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