RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS
TECHNOILOGIES

www.advmattechnol.de

Magnetic Bucket Brigade Transport Networks for Cell

Transport

Findan Block, Finn Klingbeil, Umer Sajjad, Christine Arndt, Sandra Sindt, Dennis Seidler,
Lars Thormcdihlen, Christine Selhuber-Unkel, and Jeffrey McCord*

Controlled transport of biological cells in biomedical applications such as
sorting, cell sequencing, and assembly of multicellular structures is a
technological challenge. Research areas such as drug delivery or tissue
engineering can benefit from precise cell location resulting in faster response
rates or more complex tissue structures. Using computational methods,
different soft magnetic elements with curved edges are designed to form a
transport network, enabling transport and all functionalities for the
manipulation of microbeads and cells on surfaces by rotational magnetic
fields. Building blocks with bimodal functionalities due to segments of
differently curved edges permit breakpoints as well as switchable transport via
splitting and combining elements. Connecting the elements, networked paths
are realized which allow variable movement patterns of magnetic carriers and
cells. The direction of magnetic field rotation is altered to direct the beads and
cells into different transport lines, and the exact timing is not critical. The
networks are used to achieve deterministic movement of microbeads and
cells with minimal intervention. Programmed transport over one millimeter
with cell transport velocities of several micrometers per s is demonstrated.
Based on scalable microchip technology, the networks can be integrated with
CMOS-compatible materials and straightforwardly combined with sensing

1. Introduction

Transport networks enable the spatial
movement of people, goods, materi-
als, or electrical charges. Networking is
achieved by establishing transport links
between individual system elements.
Networks can be either unidirectional or
bidirectional, such as for electricity or gas
and oil. Other examples include bucket
brigades!! and analog delay lines for uni-
directional transport of electrical charge
carriers in signal processing systems.[?]
Magnetic random access memory relied
on the unidirectional movement of in-
dividual magnetic bubbles to read out
stored information along lines.®) This
technology was based on the combina-
tion of soft magnetic thin film elements
for the movement of magnetic bubble do-
mains in attached magnetic garnet lay-
ers. In the case of roads, a real network is
created by adding crossings or junctions.

and diagnostic structures.

Similarly, switches are needed to create
a railway network. Transferring these in-
dividual transport elements to the level
of magnetic structures enables flexible and efficient transfer of
labeled biological cells in a flowless fluid environment.

Such cell control is an important feature of modern
biomedicine in the fields of immunology, gene sequencing,
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cell force analysis, or tissue engineering.[*%l Many techniques,
such as optical”® and magnetic tweezers,!*!°! or atomic force
microscopy!*t! are known for local manipulation of single cells.
Optical tweezers have been used to generate synthetic tissue at
single cell resolution.['”) However, due to the optical similarity of
most cells and the potential harm of cells due to the laser setup,
this method only has limited applicability. For cell sorting, their
lack of scalability and throughput has led to other solutions that
resemble flow-based microchip lab-on-a-chip systems.[®13] Ag the
trajectories of cells in a flowing environment are not fixed, their
movement can be assisted by tagging them with magnetic nano-
or microparticles, electrical charges, or fluorescent molecules,
and by applying external magnetic or electric fields.[1*18]

For both main methods, potentially harmful effects on cells
must be considered. High electric fields of 1 GT m™! can dam-
age cells by electroporation,['? while very high magnetic field gra-
dients of the order of 1 GT m~! are expected to alter ion channels
in cell membranes.?%] For both electric and magnetic field ap-
plication, it is unlikely that the specified critical values for a cell
transport scheme will be reached. Furthermore, electric fields can
cause electrolytic damage by producing hydrogen ions.?!l In ad-
dition, different cells respond to an electric field in different ways
as electric fields can cause translation or deformation;?”) and as
different cell types require different culture media with different
electrical conductivities, recalibration may be required to keep
the effective electric field constant with different cell types. On
the other hand, as the magnetic behavior of culture media can be
assumed equal, the magnetic field does not need to be adjusted
to the cell type of interest. The response of magnetically labeled
cells to an external magnetic field depends solely on the magnetic
carriers.

The combination of magnetic labeling and lithographically
structured thin films out of hard-magneticl?*?*! or soft-magnetic
materials(?%’! enables particle to be guided along predefined
tracks or, alternatively, to be moved flexibly within arrays of
elements. In particular, superparamagnetic microbeads (MBs)
with different functionalized surfaces are widely used as mag-
netic carriers.!?-3% The properties of the MBs are used in com-
bination with changing magnetic field sequences to transport
them by static magnetic field gradients of permanent magnetic
elements,?!] by magnetic domain walls propagating through
soft-magnetic tracks.32*] There, the labeled cells and parti-
cles are bound to the ferromagnetic structures by strong local
stray magnetic field gradients. The latter resembles character-
istics of the bubble memory technology.**! The use of peri-
odic arrays of soft-magnetic element structures, which change
their magnetization direction coherently with the direction of
the applied magnetic field, enables a great variety of possible
motion patterns.***% A correlation between the microbead size
and the trajectory along specific structures has been demon-
strated, even allowing the separation of different microbead
species.[!#] The general movement directions are defined by
either a variable magnetic field sequence on isotropic mag-
netic pattern arrangements, with or without the aid of dynamic
effects,!*#3¢] permitting for a variable pathway of movement. Al-
ternatively, the actual pattern arrangements define the motion
pattern,!*¥l enabling spatially varying motion patterns across chip
surfaces with the same magnetic field sequence along pre-fixed
paths.[#]
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An alternative system for flexible flowless transport of beads
and cells by a network of aligned magnetic elements is demon-
strated here, allowing for the directional collection or distribu-
tion of particles and cells with minimal intervention. It combines
transport lines and switching elements on a single element level.
Chains of equivalent oval structures form the basic transport ele-
ments, exhibiting a rectifying unidirectional motion schemel*¢!
as MBs are transferred over differently curved elements,!3%*’]
leading to a linear bucket brigade like transport scheme where
the MB transport direction is defined by the element arrange-
ment and not the actual sequence of the applied magnetic field.
Based on the resulting unidirectional particle motion, additional
single magnetic elements are incorporated. This provides flex-
ible switching, combining, and switching capabilities. By this,
the combination of the building blocks enables advanced features
for switchable lateral MB and single cell manipulation. A model
structure is used to demonstrate the feasibility of determinis-
tic long-range movement of MBs and tagged cells along differ-
ent movement paths. In this way, we demonstrate the on-track
programmable transport of biological cells in a network that is
periodic, repeatable, and scalable. The use of in-plane rotating
magnetic fields as the driving force allows easy integration into
multifunctional lab-on-a-chip applications in combination with
high transport velocities.

2. Results

2.1. Guiding Magnetic Elements

A patterned soft-magnetic amorphous FeCoSiB thin film forms
the active magnetic layer network consisting of the magneto-
statically connected magnetic elements. The amorphous phase
ensures a reproducible non-hysteretic magnetization behavior.
Moreover, with a saturation magnetization of yyM; = 1.5 T, it
results in significantly higher stray fields and field gradients
compared to the commonly used Nig, Fe,,.®! The calculated
magnetization distribution of the respective individual magnetic
elements forming the magnetic structure network is shown in
Figure 1a. By applying an intermediate magnetic field, head-
to-head and tail-to-tail magnetization configurations are formed
at the relevant element edges. In oval elements, an onion-type
magnetization state is formed, resulting in two distinct mag-
netic poles that act as magnetic adhesion points. For the other
element structures shown, multiple magnetic poles develop un-
der the same applied magnetic field conditions. The exact posi-
tions of the poles are determined by the angle of the magnetic
field together with the shape of the elements. In all cases, the
folding magnetization regions at the edges provide sources or
sinks for strong stray magnetic fields, respectively, stray magnetic
field gradients. This is evident from the calculated local force
gradients of dipolar interaction above the element surface for
the elements shown in Figure 1b. A maximum field gradient of
1 MT m™! is calculated for the given structures. Two to four func-
tional relevant magnetic adhesion points are identified for the ex-
amples presented. In all cases, the magnetic landscape changes
as the magnetic field direction changes. This, together with the
application of a rotating magnetic field, enables movement of
the potential wells around the element edges, allowing for the
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Figure 1. Connected magnetic structures and microbead (MB) manipu-
lation. a) Calculated onion-like magnetization distribution (local magne-
tization orientation along a,,) for an external field yyH = 40 mT applied
along the x-direction for different structures such as transport (T), bimodal
breakpoint and transport (BT) elements, switches (S), and combining
(C) magnetic elements. Example regions with head-to-head and tail-to-tail
magnetization are enlarged (as indicated). b) Calculated maps of the mag-
nitude of the relative dipolar force gradient |6F,/5,| perpendicular to the
structure at a height of z = 500 nm above the surface. c) By applying a ro-
tating in-plane magnetic field pyH with a quadrupole electromagnet (EM)
either clockwise (cw) or counterclockwise (ccw), superparamagnetic MBs
and MBs engulfed by rat embryonic fibroblast cells are manipulated along
the structures. Depending on the direction of magnetic field rotation, dif-
ferent functionalities are obtained for the individual elements and combi-
nations of elements. The exact dimensions of the magnetic elements are
shown in Figure S3, Supporting Information.

deterministic movement of attracted MBs and correspondingly
labeled biological cells.

The pure unidirectional motion scheme (Figure S1, Support-
ing Information,) of the oval transport (T) elements!*®! is ex-
tended to different functionalities for the manipulation of beads
and biological cells (Figure 1c). Bimodal functionalities of indi-
vidual elements are added by incorporating a grooved structure.
The resulting transport breakpoint (BT) elements allow unhin-
dered movement of beads and cells for one direction of magnetic
field rotation, while blocking it for the opposite direction. In addi-
tion, almost heart-shaped structures act as bifurcation or switch-
ing (S) elements along the transport path. On the other hand, a
similarly constructed mirrored combining (C) element combines
different transport paths into a single transport branch. This pro-
vides additional bimodal spatial motion behaviors, whose func-
tionalities depend only on the direction of rotation of the applied
magnetic field. This results in deterministic unidirectional mag-
netic carrier movement to or from two different paths. The di-
rection of movement is determined solely by the element ge-
ometry and orientation and not by the magnetic field condi-
tions. By combining the different element building blocks on
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a single microchip, a model transport network for lab-on-a-chip
applications!™! is constructed (Figure 1d), demonstrating the dif-
ferent functions for MB manipulation and cell positioning.*-*!

2.2. Linear Bead Guiding

The predicted motion of a single MB along a linear path with
T elements and a single BT element, calculated for ccw rotat-
ing magnetic fields, is shown in Figure 2a. A MB is passed be-
tween the potential wells formed at the element edges along the
underside of the T elements and the BT element (Video S2a, Sup-
porting Information). Coherent MB transport along a track of
multiple structures under the same conditions is experimentally
confirmed (Figure 2b; Video S2b, Supporting Information).

REF cells were exposed to the MBs in a culture medium, result-
ing in the MBs being incorporated into the cell bodies (see Exper-
imental Section for details). By this, we demonstrate the linear
transport of rat embryonic fibroblast (REF) cells with engulfed
MBs using the same scheme as for the MBs (Figure 2¢; Video S2c,
Supporting Information). It should be noted that the number of
beads engulfed by a cell cannot be controlled, but the size ratio
determines the engulfment of the beads. The method may result
in a higher number of beads in large cells and no engulfment at
all in smaller cells, which may be a limitation for cell types with
different diameters. In addition, other cell types may not have a
similar tendency to take up the foreign bodies. Other methods of
magnetic labeling, such as the use of magnetic nanoparticles!'*l
or much smaller microbeads, may provide a solution with similar
functionality.

In all cases, the controlled movement occurs along the bottom
of the magnetic elements with the selected applied ccw magnetic
field rotation. In the unidirectional motion pattern, the additional
deep notch at the opposite element edge in the BT element has
no effect on the motion of the MBs and cells.

2.3. Transport Breakpoints

As we now demonstrate, the added one-sided cavity to the BT
element can act as a stop structure for MB and cell movement
when the sense of magnetic field rotation is reversed to cw ro-
tation. Figure 2d simulates the operating principle with the BT
element activated. The application of cw rotating fields now re-
sults in transport at the top of the elements where the breakpoints
of the BT elements are located. In the case of oblique magnetic
fields, a potential tunnel is formed in the path segment, direct-
ing the MB toward the magnetic cavity. Therefore, after reaching
the indented part, the MB moves inside the cavity (Video S2d,
Supporting Information). As the rotation of the magnetic field
continues, the MB remains trapped inside the notch. The rotat-
ing closed potential well then causes a small local looping of the
microsphere in the structure cavity. The bead remains trapped
as the magnetic field continues to rotate. The calculated behav-
ior is reproduced experimentally for MBs (Figure 2e; Video S2e,
Supporting Information) and MB-labeled REF cells (Figure 2f;
Video S2f, Supporting Information), where deterministic motion
toward and trapping within the notched element is achieved. The
cells exhibit smaller loops in the notch due to the increase in hy-
drodynamic drag compared to the MBs.
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Figure 2. Notched oval structures acting as breakpoints for unidirectional
transport. a) Calculated MB transport along regular T and notched BT
elements by applying a ccw rotating field (as indicated). b) Correspond-
ing MB motion along a track of T elements for ccw rotating magnetic
fields. c) Equivalent REF cell transport along the bottom of the track
of the same elements. d) Calculated transport and stop of a MB along
T elements and a BT element by applying a cw rotating field. e) Con-
ducted paused microbead movement along a track of oval elements for
cw rotating magnetic fields. f) Equivalent REF cell transport and cap-
ture moving the cell along the top of a track of elements. g) Calcu-
lated release and continuation of microbead transport after switching
back to a ccw rotating field. h) Achieved MB and i) REF cell release
and movement with subsequent ccw field rotation. j) Movement path of
combined transport, trapping, release, and onward transport of a MB with
cw and subsequent switch to ccw magnetic field rotation (as indicated).
k) Correspondingly achieved transport, capture, release, and onward
transport of a REF cell. Simulations and microbead transport were per-
formed with a magnetic field frequency f = 0.8 Hz. For the REF cell move-
ment, the field frequency was f= 0.12 Hz. The magnetic field amplitude
was pgH = 40 mT. The direction of the magnetic field is indicated in all
images. The senses of magnetic field rotation and corresponding move-
ments are indicated.

Conversely, a trapped MB is released from the stop structure
by switching back to ccw rotating fields, as shown in simulations
(Figure 2g; Video S2g, Supporting Information) and demon-
strated experimentally (Figure 2h; Video S2h, Supporting Infor-
mation). By switching to ccw rotating fields, the MB is directed
through the potential tunnel around the element to the small
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radius of curvature. The transport continues in a directed forward
motion of the MB beyond the cavity, now on the non-notched side
of the element. The equally reliable release of a trapped REF cell
and its resumption of forward motion is demonstrated with the
same ccw fleld rotation (Figure 2I; Video S2i, Supporting Infor-
mation).

Based on the simulations, the extended transport, the capture,
the release, and subsequent motion of a MB, as well as a biologi-
cal cell along a linear line of transport structures are established
as shown in Figure 2j,k (Video S2jk, Supporting Information).

2.4. Bifurcations

The merging of two elongated oval shapes to form a bifurcation
element further enables the deterministic transport of magnetic
carriers toward two separate T-paths. Figure 3a shows the calcu-
lated potential landscape of the switching (S) element and the
matching trajectory of a MB. The data demonstrate the feasibil-
ity of MBs passing from an incoming T element via the S ele-
ment upward (+) toward a new linear transport track (Video S3a,
Supporting Information). The calculations already show a phase
mismatch between the applied magnetic field angle and the po-
sition of the MB, indicating limits to the total transport velocity
or the highest applicable field rotation frequency for the chosen

1510 5 0 -5-10-15
.

x107°J

.
z7—X >

Figure 3. Transport schemes of magnetic carriers along a switching (S)
structure. a) Snapshots of a simulated MB trajectory manipulated with a
cw rotating field applied, moving from a central (0) to the upward (+) ori-
ented transport line. b) Corresponding obtained motion of a MB moving
along the bifurcating S element with cw rotating fields applied. c) Bimodal
MB transport behavior demonstrated for cw and ccw rotating fields with
upward (+) and downward (—) motion. d) Demonstration of the motion
of REF cells with cw and ccw rotating fields over the S element. A rotating
field frequency of f= 1 Hz with an amplitude of ugH = 40 mT was used for
all MB experiments and the simulations. The cell experiments were per-
formed at a field frequency of f=0.15 Hz. The direction of the magnetic
field, the sense of rotation of the magnetic field, and the corresponding
movement are indicated.
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element design. In the example shown, we calculate an average
MB velocity of 260 pm s~ with a peak velocity of ~500 pm s~
over the S element. These values exceed most published datal*’}
despite the even larger MB diameter in our case, due to the higher
saturation magnetization material used in our design.

The bimodal movement behavior of MBs over the branching
element is experimentally confirmed by applying cw and ccw ro-
tating magnetic fields. In Figure 3b, the upward sorting scheme
(+) of a microbead by cw rotating magnetic fields is realized. The
MBs are moved from a common position (T, 0) to the upper (T, +)
or lower path (T, —) depending on the direction of rotation of the
magnetic field, resulting in an upward (+) or downward (—) mo-
tion (Figure 3¢; Video S3b,c, Supporting Information). Uniquely,
the magnetic microcarrier sorting is again based on in-plane ro-
tating fields only, with no other requirements such as electrical
interconnects or individually applied out-of-plane magnetic field
components.[2>#]

Using this transport scheme, we further demonstrate the de-
terministic channeling of biological cells along the different path-
ways (Figure 3d). The same trajectories as for MBs are obtained
for REF cells. In this case, lower field rotation frequencies were
used (Video S3d,e, Supporting Information) as the maximum ap-
plication frequency was again limited by the increased hydrody-
namic drag force acting on the larger diameter cells. When the
cut-off frequency was not exceeded, a pure phase-locked motion
was obtained for both MBs and cells.

2.5. Unification of Transport Paths

In order to provide a complete path structure for controlling
MBs and cells, a combining element is now shown to connect
the transport lines. The combining structure (C) has a slightly
adapted and mirrored arrangement compared to the S element.
In particular, a central circular structure is added to the side of
the element facing the separate movement paths to bridge the
two incoming transport paths. MBs moving along the upper el-
ement path (T, +) during the application of cw rotating mag-
netic fields move directly toward the outgoing element line (T, 0),
performing a downward (—) motion along the unifying element
(Figure 4a; Video S4a, Supporting Information). In comparison,
MBs moving along the lower elements (T, —) are first passed from
the lower to the upper side of the unifying structure with the
same sign of field rotation as shown in Figure 4b (Video S4b,
Supporting Information). Following the potential wells, the mi-
crobead continues its motion toward the single path (T, 0) at the
top of the unifying structure, resulting in a net upward motion
(+)- The transition between the two incoming paths and the uni-
fication is in accordance with the arrangement of the ovals and
the unification structure. It is based on the same mechanism as
the T-line transport.

The predicted behavior is again reproduced experimentally for
the transport of MBs and REF cells along the structures. MBs and
REF cells starting in the upper branch are dragged over several
elements by cw rotating magnetic fields as shown in Figure 4c
(Video S4c,d, Supporting Information). In addition, other scenar-
ios regarding the starting position and the direction of magnetic
field rotation, always with the same end point, are demonstrated
for the manipulation of MBs (Figure 4d) and cells (Figure 4e).
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Figure 4. Unification paths of MB and cells from two branches to a single
branch via a combining C element. a) The simulated motion pattern of a
MB reaching the C element at the upper (+) branch and b) the lower (-)
branch with the application of pure cw rotating fields. c) Experimentally
obtained MB and magnetically labeled REF cell trajectories for cw rotating
fields starting from the upper (+) element path. d) Various MB and e) REF
cell trajectories for ccw and cw rotating fields starting from the upper (+)
and lower (=) elements. The experiments were performed with magnetic
fields of pgHey = 40 mT, rotating at a frequency of f = 1.0 Hz for the MB
and of f=0.12 Hz for the REF cells.

The general transport behavior is validated for different shapes
and sizes of cells used. This confirms that the mechanism of
cell movement is mainly determined by the characteristics of the
MBs. In all cases, movement along the desired path is achieved
regardless of the initial starting conditions (Video S4e,j, Support-
ing Information), further demonstrating the path-joining ability
of the elementary magnetic structure.

2.6. Microbead Steering

By placing connecting T lines together with branching S and uni-
fying C elements on a single microchip, a demonstration net-
work is constructed. Figure 5a shows the example design of a
transport network using the T, S, and C magnetic element build-
ing blocks described above. Different trajectories can be selected
simply by varying the direction of rotation of the magnetic field as
the MBs move. The timing of the intervention is independent of
the positioning of the MB. Four exemplary possible trajectories
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Figure 5. Movement of MBs through a network of different soft-magnetic
elements. a) Schematic of a network of transport elements connected by
bifurcation and unification elements for the individual transport of MBs to
different destinations by applying field sequences with different rotation
directions. Four different possible MB trajectories (A-D) are sketched. b)
MBs are transported over a distance of ~1 mm along x and upward along
y (path A, + - + - + — +) using a cw rotating field. Snapshots of the
time dependent microbead motion are shown. c) Transport along motion
path B (+ = + — — — —) with an intermediate change from a cw to a ccw
rotating field (as indicated). d) Alternative motion path C (— - — —» + —
+) with a reverse change from a ccw to a cw rotating field. e) Downward
oriented path D (— - — - — — —) with pure ccw rotating field application.
The data were obtained with fields of yyH = 40 mT at frequencies of f=
0.8 Hz. The recorded MB trajectories of motion are highlighted for better
visualisation.

of the MB movement, labeled A-D, are shown. For example, a
purely cw rotation, for example, A, and a purely ccw rotation of
the magnetic field, for example, D, result in a fourfold upward
(+ = + — + — +) or fourfold downward (— - — - — — —) move-
ment of the particle over the surface. The particle is thus directed
to the upper (A) or lower (D) transport line. For the other trajecto-
ries, the direction of rotation of the magnetic field is reversed dur-
ing the movement of the microspheres from cw to ccw (B) or vice
versa (C). The point of change in the direction of the magnetic
field rotation is varied between the two cases before (B) or after
(C) the first unification element, as shown in Figure 5a. For the
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Figure 6. Programmed movement of REF cells over a magnetic element
network (schematics as in Figure 5). a) REF cell transport along the motion
part A (+ = + — 4+ — +) with pure cw rotating field application. b) Cell
transport along path B (+ - + —» — — —) and ¢) motion pathC (- - — -
+ — +) with a directional change of field rotation cw to ccw, respectively
ccw to cw (as indicated). d) Downward cell transport along path D (— — —
— — — —) with pure ccw rotating fields. The data were obtained with fields
of ygH = 40 mT at frequencies of f=0.12 Hz. The recorded trajectories of
cell movement are highlighted for better visualisation.

cases shown, this results in two upward followed by two down-
ward (+ - + - — — —) motions, or the reverse (— > — — + — +)
vertical motion behavior. Despite the different paths, the final T-
line is the same for motion patterns B and C.

The experimental implementation of adaptive motion patterns
or switchable transport across the model element network is
shown in Figure 5b—e. The MBs follow one of the four pro-
grammed trajectories (A, B, C, D) and terminate at the three
predetermined targets. As shown in detail for case A, the MB is
moved continuously upward (+ - + - + — +) along the track
with constant cw field rotation. With a mixed upward (+) and
downward (—) MB movement for trajectories B (+ - + - — - —,
Figure 5c) and C (- » — - + — +, Figure 5d), the final path
position of the MB after passing through the four control ele-
ments is the same. Consequently, for a purely ccw field rotation,
the MB is moved in four steps along the track and purely down-
wards (— - — - — — —, Figure 5e) via the decisive elements. The
phase-locked motion over the element network for the different
paths is shown in the Video S5a—d, Supporting Information.

Equal trajectories are further validated for REF cells engulfed
by magnetic MBs (Figure 6) with the same sequences of mag-
netic field rotation directions. To obtain phase-locked motion for
REF cells of different sizes, the rotation frequency is again re-
duced relative to MB transport. For the cell experiments, a mag-
netic field rotation frequency of 0.12 Hz is used, which allows
the transport of large diameter cells. Under these conditions, the

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85UB017 SUOWILWIOD BA 11810 3 qeot [dde au Aq peusenob a.e sajole YO ‘SN JO Sa|nJ oy Akeid178U1IUQ AB[IM UO (SUONIPUOD-PUR-SLLLIBY WD A8 | 1M Aed| Ul Uo//ScY) SUOTPUOD pue swie | 8u) 89S *[£202/0T/LT] Uo Akeiqiauljuo A8]im ‘BIX YeUIoljqicsTeISBAIUN A 09Z00£202 IWPR/Z00T OT/I0PW0D A8 | ARIq 1 Ul |uo//Stiy Wo.j pepeojumod ‘9T ‘S20Z ‘X60LS9EC



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

controlled transport of biological cells of different sizes across
the field of view of the microscope along paths A to D is achieved
(Video S6a—d, Supporting Information). For the equally varying
magnetic field sequences, the programmed transport routes are
replicated for the different cell sizes. It is noteworthy that in the
rectifying behavior, the exact time of the field rotation change is
notrelevant and does not necessarily occur at the critical element.

3. Conclusion

We demonstrate a robust transport network concept for super-
paramagnetic microbeads and biological cells based on elemen-
tary building blocks of specifically designed functional magnetic
elements. Simple modifications in the sense of magnetic field
rotation enable functionalities for the applicability of the struc-
tures in biomedical applications. The functionalities are embed-
ded in individual building blocks. While a chain of transport el-
ements always acts as a linear bucket brigade with a predefined
direction of movement, unilaterally notched elements enable bi-
modal transport characteristics of beads and cells with switch-
able blocking and moving capabilities. Bifurcation elements and
switches are implemented to direct beads and cells to different
transport lines, again with only the direction of field rotation as
the determining parameter. The timing of the rotational field in-
tervention is not tied to the positioning of the bead or cell at the
control element. By combining these magnetic building blocks, a
sample transport network is formed demonstrating flexible bead
and cell control. The platform provides an easily integrated mul-
tifunctional flowless system with a non-return transport scheme.
The unidirectional behavior demonstrated for all elements al-
lows continuous predefined motion regardless of the initial con-
ditions.

The building blocks can be arbitrarily combined to form large
network patterns with almost infinite steering functionalities.
The wide range of movement implies great applicability in the
construction of heterotypic cell sheets for in situ cell sorting.
Transport lines can be implemented with a curved orientation,
allowing complete flexibility in bead and cell movement. The uni-
directional transport scheme enables schemes for collecting bead
and cell populations in a funnel-like fashion. The purely in-plane
rotating magnetic fields and the scalability of the structures allow
integration into more complex chip designs together with high-
speed domain wall conduits®! or selective elements,[*?] further
increasing functionality. By varying the dimensions, for example,
the spacing between the interconnects, it should be possible to
achieve bead size selectivity. By this, and by combining differently
sized structures, we envisage numerous robust schemes for se-
lective spatial cell movement, including separation and sorting.
The method can be used in conjunction with a single inlet path
for a cell-by-cell sequence.¥] In addition, the repeatable and scal-
able design already provides the ability to transport multiple cells
simultaneously while limiting the agitation of individual parti-
cles. The structures can be easily combined with CMOS compat-
ible materials and device structures. The bundling capabilities
allow for straightforward combinations with additional sensing
and diagnostic elements. The flexible transport networks open
up many possibilities for future lab-on-a-chip technologies.
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4. Experimental Section

Magnetic ~ Thin  Film  Structure: An  amorphous  alloy
(FesoCo10)78Si12B10 (oM = 1.5 TPU A, = 1510711 J m™!
was used as ferromagnetic thin film material. A material stack of
Ta/(FeggCo1g)73Si1zB1o/Ta with thicknesses of 5 nm/80 nm/5 nm was
RF-sputtered on a single side polished native oxide Si wafer.

Structure and Chip Design: The used magnetic layer stacks were struc-
tured in a positive photolithography process using Photoresist AR-U 4060
and Developer AR 300-47 with subsequent lon-Beam Etching. Afterward,
a 50 nm silicon capping layer was RF-sputter deposited on top of the struc-
tured films to prevent any contact of the corrosive ferromagnetic material
with the aqueous solutions (Figure S4, Supporting Information). The oval
transport (T) elements were constructed out of multiple circular arcs!*6]
(for dimensions, see Figure S3a, Supporting Information,). The T ele-
ments were arranged in lines. As an additional element, breakpoint (BT)
elements were introduced (for dimension, see Figure S3b, Supporting In-
formation), where a cavity was formed at one side of the oval by a small
radius circle. Switching (S) elements connect one line of ovals on the first
side with two on the other side (for dimensions, see Figure S3c, Support-
ing Information). Combining (C) elements are reversely designed with two
element arcs pointing on two lines of the T structures (for dimension, see
Figure S3d, Supporting Information). The elements build a complete net-
work of elements.

Superparamagnetic Microbeads (MBs):  Superparamagnetic micromer-
M MBs with a diameter @y g = 8 um purchased from micromod Partikel-
technologie GmbH[32] were used for all the experiments. The MBs con-
tained monodispersed magnetite nanoparticles in their approximate t =
100 nm thick outer shell and polystyrene as core and matrix material (Fig-
ure S5, Supporting Information). They were covered by a thin functional-
ization layer of PEG-COOH and were suspended in water with a concen-
tration cpc = 50 mg mL~" A magnetic susceptibility of y = 0.0207 for the
applied magnetic field of yyH = 40 mT was estimated by synchronizing
the simulated looping behavior of MBs with experimental data and the
magnetization loop of a single microbead!“®] (Figure S6, Supporting In-
formation).

Simulation of Microbead Trajectories: For all different magnetic ele-
ment types, a combination of micromagnetic and semi-numerical simula-
tions was applied(*®33] to evaluate the MB trajectories. For this, the forces
acting on a microbead in an aqueous environment were considered. Be-
sides the magnetic force F,,, and the hydrodynamic drag force Fyq, the total
force F, acting on a MB was mainly influenced by the gravitational force
Fg and the friction force Fg resulting into

Fo=Fog+Fm+Fe+F, (M

The magnetic force F,,, was derived as the gradient of the magnetic po-
tential U acting between the magnetic parent structure and the microbead.
It was determined taking the magnetization of the elements M, and the
stray field generated by the MB H,,, into account:

Uz—ﬂo/v dV'M, - (H+2 - Hpyp) + Co )
P

The stray field of the microbead was calculated by assuming the MB as
a magnetic dipole moment positioned in the bead centre aligned in the
direction of the external magnetic field Hqy.

Micromagnetic simulations were performed with MuMax.[>>4] A mesh
grid of 2048 x 2048 x 1 was used for all structures modelled out
of a (FegpCo1q)73SitaByg alloy. The lateral dimensions were calculated
for structures scaled down by a factor of 5. This resulted in cell
sizes of 3.32 nm X 4 nm X 16 nm for the T and BT elements,
and of 6.64 nm X 8 nm X 16 nm for the larger S and C elements. Magne-
tization states were determined by relaxing the structure magnetizations
out of saturation directions ranging from 0° to 176°, while external fields
in steps of 4° with an amplitude ugH,, = 40 mT were applied in the cor-
responding direction. The magnetization distributions for the other field
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angles were derived from the data by symmetry considerations. MuMax?
was further used to calculate the spatial distribution of the force gradient
OF,/0z from the stray magnetic field generated by the magnetic structures
in a height of z = 500 nm above the structures.[>*] By this, relative maps
of the force gradient in z-direction from the interaction of the structure’s
magnetization M; and the MB stray field By, ; were obtained:

0?Bg,; (% y)
072

oF
5= Dy Mi 1) X @)

(The calculations correspond to an AC-mode MFM measurement using
an idealized vertically magnetized dipole tip with normalised magnetiza-
tion).

To facilitate the calculations, the magnetization matrices were averaged
by a factor of 4 or, respectively, of 8. For the simulation of microbead mo-
tion, the magnetic structures were concatenated to form element com-
binations of up to seven structures resembling parts of the experimental
magnetic structure arrays. The potential energies were computed with lat-
eral resolutions of x X y = 665 nm x 820 nm forthe T& S, x X y = 900 nm
% 653 nm for the T & C, and x X y = 360 nm X 410 nm for the T and BT
element combination. The z dependency of the potential landscape was
determined for 5 (T, S and T, C), respectively 11 (T, BT) different layers
along the z-direction in 400 nm steps, starting at z = —400 nm below the
substrate surface. To improve the effective time and spatial resolution of
the simulations, a Fourier series of power N = 30 was used as a time fit,
and polynomial expansion was performed on submatrices with a size of
3 X 3 X 3. Afterward, the MB trajectories were evaluated within time steps
of t,.c = 0.7 ms using a friction coefficient of F_. = 0.03. (See also Section
S7, Supporting Information; ref. [48] for more details on the simulation
method).

Microfluidic Well:  The MB experiments were performed in a microflu-
idic well, which was constructed by stacking layers of paraffin—polyethylene
sealing film rings (Parafilm M) on top of an aluminum sample holder until
axXyxz=10mm x 10 mm x 1+0.1 mm well was formed. For the exper-
iments with REF cells, a 3D printed nylon cell exhibiting the same dimen-
sions was used. The microbeads were suspended in an aqueous solution
containing 0.0015% Triton X-100 resulting in a microbead concentration
of cyg = 5-1078 mg mL~". The water temperature was measured to be at
Thzo = 22 °C, also used for the calculation of the viscosity of water in the
simulations section. A suspension droplet of ~#V = 150 uL was put on the
microchip surface placed in the paraffin or nylon well.

Observation of Microbead Motion: The open well was directly placed
under an optical microscope. MB and cell movement were tracked and
recorded using a digital CCD camera attached to the microscope triggered
by a frequency generator to a constant frame rate of 15 Hz. The magnetic
field of uyH = 40 mT rotating at a frequency of f, = 0.8 Hz to 1.0 Hz for
the microbeads and f, = 0.12 Hz to 0.15 Hz for REF cells was applied by a
biaxial electromagnet containing laminated FeSi yokes. The magnetic field
amplitude and angle were recorded for each image frame. The magnetic
field homogeneity was better than 0.6% in the microscopic field of view of
~x Xy = 1.1 mm x 0.84 mm. It was better than 4% in an area of x X y =
6 X 6 mm. The microbead and cell trajectories were obtained from the
resulting video files using the manual tracking plugin in the image pro-
cessing and analysis program Image).l>’]

Cell Culture: The cell experiments were performed with rat embry-
onic fibroblasts wild type (REF-52wt; B. Geiger, Weizmann Institute, |s-
rael), regularly used to investigate cell-matrix interactions.l>®7] The cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin (cul-
ture medium) at 37 °C with 5% CO,.[%] Cells at 70% confluency were
exposed to the microbeads dispersed in culture medium at a volume con-
centration of ¢ = 0.25-1073 for at least 12 h, which led to an engulfment
of the microbeads by the cells. Subsequently, the cells were washed thor-
oughly with phosphate buffered saline (1x, PBS) to remove non-engulfed
microbeads, detached with Accutase, and centrifuged at 800 x g for 4 min.
The supernatant was removed, and the magnetically labeled cells were
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resuspended in PBS and immediately used for the cell manipulation ex-
periments.

Beforehand, the structured microchip was exposed to a 10 min plasma
etching process including the application of oxygen to charge the chip sur-
face. The chip was incubated in a PLL-PEG solution (PLL20 (kDa)-g[3.5]-
PEG2 (kDa), 0.1 mg mL™" in HEPES buffer for 60 min, and washed af-
terward with PBS. The adsorbed PLL-PEG acted as an electrostatic barrier
reducing the adhesion of the cell membrane to the chip surface.

Supporting Information

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