Open Access Article. Published on 18 Here 2019. Downloaded on 2026-02-28 06:58:41.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Polymer
Chemistry

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Polym. Chem., 2020, 11,
496

Received 8th July 2019,
Accepted 22nd September 2019

DOI: 10.1039/c9py01008d

Predicting the orientation of magnetic microgel
rods for soft anisotropic biomimetic hydrogels+

Jonas C. Rose, (9 * Maaike Folster,” Lukas Kivilip,” Jose L. Gerardo-Nava, 2
Esther E. Jaekel,? David B. Gehlen, @ Wilko Rohlfs*® and Laura De Laporte {2 *2<

Living multicellular organisms comprise a high degree of soft anisotropic tissues but the development of
controlled artificial assembly processes to mimic them remains challenging. Therefore, injectable, poly-
meric, magneto-responsive microgel rods are fabricated to orient within a low magnetic field. The incor-
porated superparamagnetic nanoparticles induce local dipole moments, resulting in a total magnetic
torque that endows microgels with different structural, mechanical, and biochemical properties. In this
report, a predictive macroscopic model based on an ellipsoidal element dispersed in a Newtonian fluid is
adjusted using experimental data, which enables the prediction of the orientation rate and the required
magnetic field strength for various microgel design parameters and fluid viscosities. The ordered micro-
gels are fixed by crosslinking of a surrounding hydrogel, and can be employed for a wide variety of appli-
cations where anisotropic composite hydrogels play a crucial role; for instance as adaptive materials or in

rsc.li/polymers

Introduction

Nature’s way of forming complex tissues with hierarchical
architectures involves combinations of molecules to construct
biocomposites with specific mechanical, biochemical, and
structural properties." Assembled soft, nanometer-scale fila-
mentous structures form the macroscopic extracellular matrix
(ECM), surrounding the cells inside the tissues and providing
a specific cell niche. These constructs are typically anisotropic
with dynamic properties as they are constantly remodeled by
cells. Synthetic fabrication of biomimetic matrices with com-
parable complexity is, however, still a great challenge. While
hard tissues are composed of biomineral crystals and struc-
tural proteins (mainly collagen), soft tissues comprise a wavy,
fibrous network of different proteins and proteoglycans.>
Distinct heterogeneous patterns guide cellular growth and
junctions, while influencing the cytoskeletal architecture.® To
reproduce soft tissues, hydrogels are designed with synthetic
and biological molecules (e.g. poly(ethylene glycol) (PEG) and
hyaluronic acid*) and aim at mimicking the strain-stiffening
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biomedical applications, wherein the model predictions can reduce animal experiments.

behavior of the ECM (e.g. polyisocyanopeptides or fibrin®) or
introducing viscoelasticity with an adjustable time-scale to
achieve stress relaxation (e.g. PEG-linkers conjugated to algi-
nate® and hydrazone”). To artificially reinforce soft hydrogels
and locally alter the mechanical and topographic signals to
the cells, nanometer- to micrometer-sized colloids, microgels,
or fibers are mixed with the precursor solution before gela-
tion.® By magnetically aligning anisometric elements, material
anisotropy is achieved inside a hydrogel (Anisogel) to locally
guide the cells in a unidirectional manner (see Fig. 1A and
Fig. S11).° Superparamagnetic iron oxide nanoparticles
(SPIONS) are incorporated into rod-shaped microgels to render
them magnetic, as they can induce an ultrahigh magnetic
response,’® do not undergo magnetic hysteresis, and are
unmagnetized in the absence of a magnetic field."* Co-delivery
of the microgels with an in situ crosslinkable biocompatible
hydrogel allows for the fixation of the assembly after injection
and magnetic ordering. These types of magnetically responsive
biomaterials can be manipulated over centimeter length scales
using low field magnetic strengths in a non-invasive and
biorthogonal manner. The artificial assembly process provides
a simple alternative for the more complex and sophisticated
natural assembly and disassembly mechanisms on nano,
micro, and macro length scales, which bypass the thermo-
dynamic equilibrium by metastable states and a supply of
energy.'” The injectable Anisogel with rod-shaped polyethylene
glycol (PEG) microgels has been previously demonstrated to
align cells and nerves with a minimal amount of guiding
elements (1-2 vol%)."> The ECM produced by the cells is also

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Fabrication of PEG microgels by molding a poly(ethylene oxide-stat-propylene oxide)-acrylate (sSPEG-A) on top of a highly repelling
PDMA mold according to the PRINT technique. Crosslinking is achieved by UV irradiation resulting in free radical polymerization of the acrylate end
groups. (B) A magnetized SPION functions as a magnetic dipole that aligns in the direction of the field lines and creates a local magnetic field,
whose strength depends on the distance vector. (C) The local change in the magnetic field lines alters the direction of the magnetic dipoles of
neighboring SPIONs, which then changes the dipole direction of the first SPION. (D) Due to the superimposed local field lines, a final force is
exerted on each SPION. The SPIONs on each side of the center of the microgels undergo opposing forces resulting in microgel orientation. (E) The
magnetic torque (Ty) of the microgels depends on the external magnetic field direction and strength (Hy), the microgel dimensions, geometry, and
stiffness, and the SPION-content. The counteracting viscous torque (T,) is influenced by the microgel aspect ratio (a/b), the fluid viscosity (7), and
the angular velocity (£). (F) Custom-made microscopic setup for microgel orientation analysis. The microgel suspension is placed on a glass cover-
slip and a magnetic system is placed on top consisting of two opposing magnets connected to the inner ring of a ball mill. An alumina frame allows
for a fixed stand and a lever enables the rotation of the inner ring by 90°. (G) As an example, microgels (10 x 10 x 50 um?) with 400 ug mL~* SPIONs
are pre-aligned and the magnetic field is subsequently rotated by 90°, enabling complete capture of the magnetically-induced microgel orientation.
Quantification of the angle distributions shows a clear peak shift from 90° to 0°. (H) By tracking the orientation states of single microgels in a mag-
netic field of 40 mT, a sigmoidal behavior of the angle over time is detected. (I) Plotting the angular velocity over the angle for 5° intervals reveals a
non-linear magnetization of the microgels for different magnetic fields (20 (black), 40 (blue), 100 (green), 160 mT (red)). In addition, the maximal
angular velocity seems to reach a plateau between 80 and 160 mT.
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oriented and can form a recreated native anisotropic structure
that can replace the synthetic matrix over the course of degra-
dation.”” RGD modification of the microgels further improves
the orientation of the cells but significantly reduces fibronec-
tin production. Interestingly, the mechano-sensitive protein
yes-associated protein (YAP) shuttles to the nucleus due to the
mechanical anisotropy of the Anisogel. In vitro experiments of
cultured dorsal root ganglion explants revealed regenerated,
aligned and functional nerves with spontaneous activity and
electrical signals propagating along the anisotropy axis of the
material.®

In the present study, the magnetic orientation of soft, water
swollen microgel rods is studied as they have recently been
demonstrated to be an important building block in biomedical
research.”®'* To render the polymeric microgels magneto-
responsive, a small volume fraction of SPIONs (~5 x 10~°
vol%) is incorporated and distributed inside the nano-porous
microgel matrix by mixing them in the polymer precursor solu-
tion before crosslinking using an in mold-polymerization tech-
nique."® SPIONs are not covalently bound to the polymer but
do not leak out as they are physically entrapped inside the
network. This has been demonstrated in a previous study by
elemental analysis."® The rod-shaped microgels are produced
with variable lengths ranging from 12.5 to 200 um and dia-
meters ranging from 2.5 to 10 um, which are large enough to
make microgel movement primarily dependent on the mag-
netic field and not on Brownian motion."™

The effect of different microgel design parameters (dimen-
sion, aspect ratio, stiffness, and SPION concentration) and the
influence of the viscosity of the surrounding fluid and the mag-
netic field strength on the microgel orientation rate are investi-
gated. In order to establish a prediction method for the micro-
gel orientation rate or the minimal magnetic field required to
form the Anisogel, experimental observations are compared
with a physical model. A better understanding of the physics
behind the microgel orientation mechanism is essential to
control the final assembly of the microgel rods inside the bio-
composite. Finally, the injection and orientation of the
Anisogel inside a clinically relevant tissue model is verified.

Results and discussion
Microgel orientation theory

A theoretical and experimental model comparable to the
Anisogel system with regard to physics has been reported by
Erb et al.' In their study, solid micro-rods are homogenously
coated over the rod shell with SPIONs resulting in isotropic
magnetic properties. Force contributions from magnetic
torque, thermal fluctuations (Brownian motion), and gravity
are compared depending on the magnetic field strength below
10 mT and particle geometry. For explaining and illustrating
the magnetic orientation of the microgel rods, a novel micro-
scopic model approach is developed and utilized.

The embedded SPIONs inside the microgels function as
single domain magnetic particles of spherical shape with
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radius R and magnetize in the presence of an external field.
With their dipole moment 7 (Fig. 1B, eqn (1)), the SPIONs
create a local field around themselves (Hjoca1), Which is a super-
position of the magnetic field induced by the dipole, Hdipoley
and other surrounding dipoles, and the external magnetic
field. The dipole moment m; of the SPION depends on the
volumetric magnetization M of the SPION material and the
SPION volume.

L oo 4
m = M(Hiocal) -gnR3 (1)

ﬁdipole decays cubically ocrl3 with r being the distance from
the dipole (SE1, ESIf) and contributes to the local magnetic
field (Hjoca1) formed by the neighboring dipoles, as the SPIONs
are closely distributed throughout the microgels (Fig. 1C).

Due to the SPION interaction, the resulting superposed
magnetic field, created by the external field and the SPIONS,
requires an iterative solution method. The magnetic field is
sequentially used to calculate the force to which each dipole is
subjected, resulting in a total magnetic torque acting on the
microgel induced by all SPIONs, where ; is the distance from
the SPION to the center of rotation (Fig. 1D, eqn (2))

F—w-V(m-H), T= Y sxF )
SPIONSs
An illustration of this SPION interaction (Fig. S27) reveals
that SPIONSs in the center of the microgel contribute less to the
total torque than those at the edges due to a stronger asymme-
try of the magnetic field. Hence, longer aspect ratio geometries
result in a higher magnetic driving force.

Experimental microgel orientation

A microscopic setup allows the recording of the microgel
orientation (Fig. 1E and F) in order to experimentally deter-
mine the microgel rotation kinetics in a magnetic field.
Separate analyses are performed for altering the parameters:
the magnetic field strength and direction, viscosity of the sur-
rounding fluid, microgel dimensions and aspect ratio, and
SPION-content. An external magnetic field is induced by
attaching two static rare earth magnets, which oppose each
other, to the inner ring of a ball mill. The orientation of the
magnetic field is modified by rotating the magnets without
affecting the sample position. To vary the field strength, either
the distance between the two magnets or the magnet material
is changed. A reproducible initial position is achieved by pre-
aligning the microgels in the magnetic field. With a 90° turn
of the magnetic field, the rotation and recording are started
(Fig. 1G). Importantly, the analyzed microgel dispersions are
below the critical volume fractions, at which the packing
entropy contributes to the orientation."®

Exemplary experimental results of the orientation process
are shown in Fig. 1H for microgels with a size of 10 x 10 x
50 um? and a very small volume fraction of SPIONs (~5 x 10~°
vol%). Differences in microgel orientation for varying magnetic
fields are detected, and the angle-dependent orientation rate is

This journal is © The Royal Society of Chemistry 2020
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obtained by clustering the time derivative data into 5° intervals
(Fig. 1I). In the case of a sufficiently high magnetic field, the
magnetization of the SPIONSs is saturated and the orientation
rate follows a sinusoidal function with a maximum at 45°. For
lower magnetic fields (<40 mT) the maximum is reduced and
for even smaller fields (<20 mT), the maximum shifts towards
higher angles, which corresponds to a high angular velocity at
the beginning of the orientation and a decaying velocity as the
long microgel axis approximates the direction of the field
lines.

Macroscopic model

To predict the orientation rate of microgels with a large
number of SPIONSs, the calculation of the magnetic torque
using the microscopic SPION interaction model is not time-
efficient. Therefore, a macroscopic approach is employed that
accounts for the main physical mechanisms and the applied
external parameters. In this study, a previously published
model concerning the rotation of homogeneous ellipsoids
(long axis @ and short axis b) in a magnetic field is adopted."”
The model is based on balancing the magnetic torque, Ty,
and the viscous torque, T, and is thus applicable to the micro-
gels studied here, as they are sufficiently small to neglect
inertia (low Reynolds number) but sufficiently large such that
Brownian motion is of minor importance. In this case, the
sum of the two torques vanishes, i.e. Ty + T, = 0, which allows
for an expression for the angular velocity £2 (eqn (3)):

d T
o_ v _Tu
de¢ ﬁﬂ (3)
_ Vellipsoid  poHo?M? (Dyy — Dxx)

i ] sin(2¢),

where Vepipsoia denotes the ellipsoidal volume and f; the
rotational frictional coefficient. For this model we choose the
Perry friction coefficient depending on the volume and aspect
ratio (f; = Veuiipsoia:f(@, b)). As both the magnetic torque and
rotational friction depend on the particle volume in the same
manner, the rotational speed is expected to be independent of
the ellipsoidal volume but depends on the aspect ratio.
Furthermore, y, is the magnetic permeability of free space, H;
the internal magnetic field, D; the trace of the ellipsoidal
demagnetization tensor, ¢ the angle between the rod axis and
external magnetic field direction, and 5 the viscosity of the sur-
rounding liquid. In the case of isotropic ellipsoids located in a
uniform, parallel external field, the solution of Maxwell’s
equations reveals that H; is uniform and given by eqn (4).

2(Hi + DxxM) (H; + DyyM

—_ —_ —
H, = Hy) —D-M, (4)

where D is a constant demagnetization tensor depending
solely on the geometry of the object (0 < D;; < 1) (SE10-SE12,
ESIt). In the case of a homogeneous material, the volume
average magnetization M throughout the ellipsoid does not
change, leading to a homogeneous internal field H; for a con-
stant angle.
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On the other hand, magnetization curves of ferromagnetic
materials characteristically have an initial linear region, fol-
lowed by a non-linear magnetization, and finally undergo sat-
uration wherein a further increase in the magnetic field does
not elevate the magnetization anymore. In the study reported
by Erb et al, only low magnetic fields are applied,'® which
does not take into account the non-linear magnetization
effects of ferromagnetic materials. In contrast, when magnetic
fields above 10 mT are applied, non-linear SPION magnetiza-
tion with saturation needs to be taken into consideration.”” In
the case of rod-shaped microgels, consisting mostly of water
and SPIONs in the polymeric portion of the microgel, the mag-
netization is unknown. The very small SPION concentration
(<0.005 vol%) in the microgel suggests a volume-averaged
microgel magnetization that is at least an order of magnitude
below the applied magnetic field. In this case, deviations
between the internal and external magnetic fields could be
neglected (eqn (4), H; ~ H,), leading to a sinusoidal function
of the angular velocity in eqn (3). However, the experimental
data in Fig. 2H show a strong asymmetry with a shift to the
right (initial part of the orientation) at low magnetic field
intensities. This demonstrates the large influence of demagne-
tization at the tested magnetic field strengths and indicates a
non-homogeneous magnetic field within the microgel. One
potential reason may be the interaction between the SPIONS,
which is not accounted for in a volume-averaged magnetiza-
tion value. Note that models for demagnetizing factors of com-
plicated particle mixtures have been reported based on
effective medium theory'® but they do not predict the strong
increase of demagnetization as experimentally observed here,
necessitating the consideration of non-linear terms and nano-
scale effects.>® To adapt eqn (4) to the higher influence of
demagnetization, the model parameter Cgemag is introduced

(eqn (5)):
R —_ —
H; = Hy — CdemagD -M (5)

For the predictive model of this present study, the microgel
magnetization was first approximated by the magnetization
curve of the diluted ferrofluid, provided by the manufacturer
(Ferrotec, Fig. S3,t blue line), which yielded a significant
underestimation of the rotation velocity. This can either result
from an overestimation of the viscous torque or an underesti-
mation of the magnetic torque. The hydrodynamic torque is
likely smaller for swollen polymeric microgels compared to
solid particles due to slip at their surface®! and the potential
pressure-induced fluid transport through the microgels.
Microgels have an open structure and contain >80% water, in
contrast to solid particles, which are the core elements of the
model. On the other hand, the microgel magnetization may be
higher due to inhomogeneous SPION distributions. To system-
atically assess the differences between the experiment and pre-
dictions, an apparent microgel magnetization is introduced,
which is the hypothetical magnetization of the microgel,
necessary to rotate the microgel with the experimentally
observed rotation velocity. We choose to use an apparent mag-
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(A) Magnetization depending on the applied magnetic field of a dispersion containing 0.0048 vol% SPIONs from the manufacturer (blue) and

the experimentally determined data as black dots. By fitting a fifth-degree polynomial (black) and adding saturation magnetization effects, the appar-
ent material magnetization can be determined (red). (B) Plotting of the apparent material magnetization over the magnetic field intensity of different
microgel sizes reveals differences in the apparent magnetization (Cgemag = 500). Although the diameter has a strong influence, with 10 um (large
symbols) having the lowest magnetization values, 2.5 pm diameter microgels have the highest (small symbols) and 5 pm being intermediate (mid-
size symbols), the aspect ratio does not seem to significantly change the apparent microgel magnetization (aspect ratio scales with symbol size from
2.5 small), 5 (medium), 10 (large). The marker color refers to the diameter of the microgel ranging from 2.5 um (circles), 5 ym (crosses), to 10 pm

(diamonds).

netization, although we also believe that the rotational torque
has an impact due to the non-rigid and open structure of the
microgels.

The apparent microgel magnetization is calculated by an
iterative estimation using eqn (3) and (4) with a fixed model
parameter Cgemag and the experimentally obtained angular vel-
ocities. The latter are retrieved from the microgel orientation,
for which 5° intervals, ranging from an orientation angle of
10° to 80°, are used. This procedure is applied to a dataset
(microgel dimensions of 10 x 10 x 50 pm®, 400 pg mL™"
SPIONs, and magnetic field strengths of 10, 40, 120 mT) yield-
ing the relation between the internal magnetic field and appar-
ent microgel magnetization shown in Fig. 2A (dotted black
values). Note that data from 160 mT are not used due to a sig-
nificant volatility of the rotation speed, which is a result of the
quick rotation compared to the acquisition frequency (1 Hz).
Due to a good fit with the experimental data, Cgemag Of 500 is
initially chosen (Fig. S51 for Cgemag = 200 and 800). A fifth-
degree polynomial (similar to Shine and Armstrong'’?) is fitted
to the data points to obtain an estimate of the magnetization
curve, depicted by the red line in Fig. 2A. Here, a saturation be-
havior above H = 80000 A m™' is taken into account, as the
increase in the external magnetic field from 80 to 160 mT does
not further increase the angular velocity (Fig. 1I and Fig. S67).

The microgel size remains constant throughout the evalu-
ation process as shown in Fig. 2A and Fig. 2B shows the esti-
mated apparent microgel magnetization for differently sized
microgels, keeping Cgemag constant at 500. According to
theory, magnetization is a specific quantity (material property),

500 | Polym. Chem., 2020, 11, 496-507

which does not depend on volume or geometry.>” Based on
the experimental analysis of the microgels, an equal scaling
with volume of the magnetic and viscous torque does not hold
(Fig. 2B). A strong dependency of the apparent microgel mag-
netization on the microgel diameter (illustrated by marker
color) with an increasing magnetization for decreasing the
microgel diameter is identified. For the larger diameter of
10 um, the aspect ratio (illustrated by marker size) has a minor
influence. For small microgels (diameter 2.5 pum and AR = 10,
large blue circles), the apparent microgel magnetization
reaches up to values around 250 A m™' in the saturation
region, while higher volume microgels (diameter 10 pm and
AR = 10, large red diamonds) exhibit a saturation of approxi-
mately 150 Am™".

As discussed above, the estimated magnetization is higher
than the theoretical magnetization (blue line) and significantly
depends on the diameter of the microgel. Note, for a constant
diameter (e.g. 10 pm, red diamonds), the apparent microgel
magnetization follows a typical magnetization curve with a sat-
uration behavior at higher magnetic field intensities. However,
a severe increase of the apparent magnetization is required in
the case of lower diameter microgels.

The increase of the apparent microgel magnetization with
decreasing microgel volume translates to an increased overesti-
mation of the viscous torque or an increased underestimation
of the magnetic torque. The differences in the surface-to-
volume ratio of the cavities in the PRINT mold during the
crosslinking process may cause variations in the SPION-distri-
bution and magnetic interaction between the SPIONs and

This journal is © The Royal Society of Chemistry 2020
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polymeric network of the microgels.”® In addition, the
inhomogeneous SPION distribution inside the microgels
demonstrates the tendency of the SPIONS to segregate at the
microgel surface (Fig. S41). As smaller microgels have a larger
surface-to-volume ratio, a larger percentage of SPIONs may be
located at the surface of these microgels, which may generate a
higher magnetic momentum because of a larger distance to
the axis of rotation. This has been demonstrated for surface
coated ellipse-shaped solid particles that are more magneti-
cally responsive than isotropically distributed SPION ellipsoids
(Erb et al.®). In addition, a previous report demonstrated that
a PEG coating on SPIONs reduces their magnetization.>* As
the SPIONs (EMG 700, FerroTec) have a proprietary anionic
coating, they may interact with the polymer network, which
will in total be reduced for smaller microgel volumes and thus
less SPIONSs for constant SPION concentration.

As mentioned above, besides magnetic effects, changes in
friction may be responsible for the increased rotation rate,
which could be more pronounced for smaller microgels.

More details on the calculation of the apparent microgel
magnetization and subsequent angular velocity, as well as a
more in-depth explanation on the physics of microgel orien-
tation, can be found in the ESL ¥

In the final optimization step, using the optimization
method fininsearch in Matlab, the coefficients of the polynomial
function, as well as Cgemag, are tuned in order to best fit the
experimental data yielding the following formula (eqn (6)):

M(H;) = 52.21H;° — 1105H;* + 9290H;°
— 38795H;% 4 80301H;' — 65961

(6)

with Cgemag = 279.2. Note that this is an optimization, result-
ing in a local optimum and reducing the deviations between
the experimental and modeling data by 20%. When employing
this approximated magnetization curve M(H;) in eqn (3),
similar trends are observed between the theoretical magnetiza-
tion curves and the experimental data (Fig. 3A). The angle-
dependency of the angular velocity arises not only due to the
sine function but also due to demagnetization, which makes
the internal magnetic field inside the microgel dependent on
the orientation of the microgel in the magnetic field.

Comparison of the experimental and modeling results

Using the experimental setup explained above, a large data set,
including variations in the microgel size and aspect ratio, mag-
netic field intensity, SPION concentration, and viscosity of the
bulk liquid, is obtained in the present study. As the standard,
microgels with 20 wt/vol% polymer, a size of 10 x 10 X 50 um,
and a SPION content of 400 ug mL™" in water are chosen. First,
a systematic variation of the magnetic field intensity reveals the
saturation of the angular rotation speed above approximately
80 mT (Fig. 3A and Fig. S61). The saturation behavior is attribu-
ted to the fact that all magnetic moments inside the SPIONs
are oriented, impeding a further increase of the material mag-
netization. The mean amplitude in the saturated regime is
around 12° s™'. It is noteworthy that the recorded microgel
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orientation motions are associated with experimental vari-
ations, which is probably caused by an inhomogeneous SPION
distribution inside the microgels (Fig. S41). SPIONs may aggre-
gate during the microgel fabrication process or during the gela-
tion of the microgel prepolymer, which follows a phase separ-
ation process during crosslinking, resulting in polymer rich
and poor regions."* During washing and purification, the
SPIONs remain in the reactive polymer-rich phase surrounding
the microscopic pores and do not leak out.

A comparison between the model predictions and experi-
mental results of the angular velocity for different angles is
shown in Fig. 3A. Tuning the microgel magnetization curve
and the demagnetization constant as described before is suit-
able to predict the rotation dynamics for the specific microgel
diameter. The macroscopic model and the experimental orien-
tation measurements reveal the sinusoidal curves for magnetic
fields >40 mT. For low magnetic fields (10 mT), the influence
of the demagnetization tensor increases, shifting the
maximum rotation speed to higher angles. Because the effect
of demagnetization decreases with increasing the external
magnetic field, experimental results with sufficiently high
magnetic fields are used to examine the effect of different
experimental and microgel parameters (Fig. S7f). This allows
for an estimation of the amplitude (4) from the experimental
data by the integration of

- % = A -sin(2¢),
which is then compared to the model predictions.

The effect of the dynamic viscosity of the surrounding
liquid, and thus the viscous torque T, on the microgel align-
ment, is investigated by dispersing the microgels in fluids with
various viscosities ranging from 1 x 107 to 8 x 107> Pa s
(Fig. 3B). As confirmed by the good fit between the experi-
mental data and model predictions, the rotation speed
decreases according to the theoretical predictions with increas-
ing viscosity. Predictability of the microgel orientation in
different fluids is of particular importance for the desired
application as the microgels are dispersed in prepolymeric
solutions with variable viscosities to fix their assembly in vivo
after crosslinking to enable the removal of the magnetic field.

Varying the SPION concentration is another suitable way to
modify the rotation rate of the microgel. This parameter
affects the apparent microgel magnetization and as such the
magnetic torque Ty. As high SPION concentrations in the
microgel prepolymer solution tend to aggregate, a maximal
SPION-loading of 400 pg mL™" is used and compared to lower
SPION amounts of 25 and 100 pg mL™'. Experimental results
in the area of magnetic saturation (160 mT) reveal a four-fold
increase in the rotation rate by increasing the SPION content
from 25 to 100 pg mL~". A further increase from 100 and
400 pg mL ™" only leads to a doubling in amplitude (Fig. 3C).
These experimental findings disagree with the model, as eqn
(3) shows a quadratic increase in the rotation rate with increas-
ing SPION content (H; > D;M and H; ~ H, for saturated mag-
netization, thus deg/dt ~ M*). This may be caused by an
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Fig. 3 (A) Experimental (squares) and calculated (lines) angular velocities for variable magnetic field strengths (20 (black), 40 (blue), 120 (green), and

160 mT (red)) show material magnetic saturation above 120 mT and the effect of the demagnetization tensor at low fields, as seen by a shift of the
maximum away from 45°. The experimental data are clustered into 5° intervals and the orientation rates are depicted by the full squares. (B—E)
Magnetization amplitudes for microgels, experimentally determined (box plot) and calculated with the model (blue line): (B) dispersed in fluids with
different viscosities adjusted by mixing water and glycerin at 20 °C (10 x 10 x 50 um?, 400 pg mL™* SPIONs, 40 mT, n > 14), (C) in water with micro-
gels containing different SPION contents (10 x 10 x 50 pm?®, 160 mT, n > 11), (D) for microgels with a diameter of 10 um and different lengths, thus
varying the aspect ratio (400 pg mL™* SPIONs, 160 mT, n > 20), and (E) for microgels with a constant aspect ratio but changing volume (400 g
mL~ SPIONs, 160 mT, n > 20). Data presented as box plots with average (red line) and statistical significance performed using a one-way ANOVA

with Tukey's comparison (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

increase in the SPION aggregation in the case of 400 pg mL™"
in comparison to 100 pg mL™', which is also reflected in
Fig. S8, where the apparent magnetization for both 100 and
400 pg mL~"' SPIONS is very similar at the high magnetic field
intensity used for this experiment. Interestingly, this obser-
vation contradicts a previous report, demonstrating that
SPION aggregation should not affect magnetization.>®
Alternatively, an increased effect of SPION interaction with the
surrounding polymer network or other yet unknown effects
may be a cause for the overestimation of the magnetic torque
when comparing experimental results and model predictions.
Owing to the complex and up to now unknown relationship
between the SPION concentration and apparent microgel mag-
netization, an individual magnetization curve is required for
each SPION concentration (Fig. S8t). Because of the constant
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microgel dimensions, it is not expected that the viscous torque
changes with the SPION concentration.

The influence of the microgel size and aspect ratio is
addressed by changing the aspect ratio (length/width) from 2.5
to 20 for a constant diameter of 10 um and the microgel dia-
meter from 2.5 to 5 up to 10 um for an aspect ratio of 10
(Fig. S91). In particular, the aspect ratio has a strong impact
on the orientation rate'”” because the viscous torque increases
more strongly than the magnetic torque for increasing ratio.
The experimental data in Fig. 3D show that the amplitude
approximately halves by doubling the aspect ratio. These
observations are in good agreement with the model predic-
tions confirming that utilizing Perry’s friction factors for a
solid ellipsoidal shape is a good approximation for the shape-
dependency of the friction in the case of the microgels. This

This journal is © The Royal Society of Chemistry 2020
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does not imply a correct estimation of the absolute friction,
which can be altered by slip effects and the permeability of the
swollen microgel. The model further suggests a decrease in
the amplitude by a reduction of the aspect ratio from 2.5 to 1,
which is reasonable, as the formation of a magnetic easy axis
is inhibited by a diagonal alignment as the only option for
square-like elements.>”

According to theory, the volume of the microgel should not
influence the rotation rate for the constant aspect ratio (eqn
(6)) as both the magnetic and viscous torque scale in the same
manner. In strong contrast, experimental data reveal a
reduction in the orientation rate with increasing microgel
volume (here equal to 10 d*) (Fig. 3E). This is not surprising as
we previously calculated a varying apparent microgel magneti-
zation depending on the microgel volume with smaller dia-
meters leading to higher apparent magnetization and thus
faster rotation. In addition, as the microgels are softer than
solid particles, simultaneous deformations may have an effect.

Finally, as soft microgels allow for strong deformations,”®
including bending, the effect of microgel stiffness is studied
(Evending ~ Eyoung)- This is particularly relevant for the high
aspect ratio microgels, as the bending force scales down with
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the squared length (F. ~ A-x), where A is the boundary con-
dition and « the bending rigidity.”® The stiffness is altered by
varying the polymer content, which is directly related to the
crosslinking densities and thus the elastic moduli.***° For a
magnetic field of 40 mT, no significant differences in the
orientation rate are observed for microgels prepared with a
polymer concentration ranging from 11-40 wt/vol%
(Fig. S10%). In the case of 160 mT, only 11 wt/vol% soft micro-
gels oriented slightly slower than the stiffer microgels. This
may be due to a reduction in the efficiency of SPION-entrap-
ment due to the lower crosslinking density in comparison with
20 wt/vol% polymer microgels, which entrap ~100% of the
SPIONs." Additionally, the increased swelling and reduced
persistence length of the microgels can influence the magnetic
response. Nevertheless, for polymer contents equal to and
higher than 15 wt/vol% polymer content, the magnetic
response is not affected, indicating no or negligible effects of
microgel deformation during magnetic orientation.

In vivo applicability

To test whether the hybrid material, containing magneto-
responsive microgels, can be injected inside an animal injury

Cellular actin High magnification

Fig. 4 Microgel orientation and hydrogel gelation kinetics are adjusted for injection into a hemisection cavity in the lumbar region of the mouse
spinal cord. (A) A neodymium magnet is placed next to the spinal cord to create a linear field (~80 mT) in the direction of the spinal cord during
injection. Microgels of 2.5 x 2.5 x 50 pm? are co-injected with a crosslinking 4 mg mL™ fibrinogen solution (s ~ 15 X fuater) Via @ Hamilton micro-
syringe. (B) 3D confocal images of microgels (red) and cells (green, actin) are depicted, including high magnification merged images of the region

marked with white boxes.
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model in the presence of an external magnetic field and lead
to oriented structures, the spine from mice is extracted and a
hemisection is performed to prepare a cavity. Microgels of 2.5
x 2.5 x 50 um? are co-injected with a surrounding natural pre-
polymer solution (fibrinogen with a dynamic viscosity <15 Pa
s, Fig. S117) that crosslinks enzymatically at the injury site.*!
As it is important to adjust the gelation time of the surround-
ing gel to the required time for microgel orientation, the
model helps to estimate this time. The data reveal that micro-
gels of 2.5 x 2.5 x 50 um® have an orientation time (t1° to 89°)
of 9.2 s in water, at a saturated magnetic field (~80 mT).
Taking the increased dynamic viscosity of the surrounding pre-
cursor solution (fibrinogen 4 mg mL™" ~ 15 Pa s, Fig. S111)
into account, a maximal orientation time of approximately
130 s is expected. After including a mixing and injection time
of 10 s, a gelation time of approximately 140 s is aimed for,
which is achieved by applying a thrombin concentration of
0.125 U mL ™" and 4 U mL™" Factor XIII (Fig. S121). A longer
gelation time might further improve the alignment; however,
in vivo, rapid gelation is essential to prevent dilution of the
material by body fluids and dispersion of the microgels from
the injection site.*?

Initial tests in a hemisection cavity using a tubular struc-
ture as an artificial ‘spinal cord’ demonstrate complete micro-
gel alignment (Fig. S13t). Therefore, the hybrid hydrogel is
sequentially injected into a rectangular-shaped hemisection
cavity in the lumbar region of a mouse spinal cord, which is a
common model to study spinal cord regeneration.*® After
injection, a static magnet is placed adjacent to the spinal cord
resulting in magnetic field lines parallel to the tissue. As the
rod-shaped microgels orient, the surrounding fibrin gel cross-
links to stabilize the oriented microgels inside the cavity
(Fig. 4A). In the absence of a magnetic field, the microgels are
randomly oriented (Fig. 4B). Deep confocal imaging reveals the
precise microgel assembly over z-ranges >100 um (Movies S1
and S27).

These initial studies substantiate the applicability of the
material for in vivo purposes. By applying a static magnet close
to the spinal cord immediately after injecting a small Anisogel
volume with a Hamilton syringe, this novel material concept is
readily transferrable to animal studies. The predictive model
described here is a helpful tool when designing the material
parameters to optimize microgel orientation with regard to the
gelation time of the surrounding gel. However, the experi-
ments show an up-to-date only partially predictable behavior,
emphasizing the importance of these carefully conducted
experiments for understanding the physics of microgel orien-
tation as a fundamental step towards predictive modeling.

Conclusions

In conclusion, it is crucial to have insight into the orientation
rate of rod-shaped microgels, as the ordered microgels need to
be fixed in a surrounding matrix to fabricate defined aniso-
tropic matrices for tissue regeneration. By predicting the orien-
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tation time for specific microgel parameters, the gelation kine-
tics of a prepolymer solution with a particular viscosity can be
adapted. To establish the model, an initial calibration of the
apparent microgel magnetization is performed using experi-
mental results in water for one standard microgel type (10 x 10
x 50 um®) and SPION concentration (400 pg mL™"). Afterwards,
model predictions are compared to the experimental data by
investigating the effect of the applied external magnetic field,
viscosity of the surrounding fluid, magnetic loading, microgel
aspect ratio, and microgel volume. While the predictions for
most parameters closely fit the experimental data, the SPION
content and microgel volume do not follow the model physics.
Only by calibrating the model to each specific microgel dia-
meter and SPION content, the orientation times could be pre-
dicted correctly. In summary, the approximation of the appar-
ent microgel magnetization enables the use of the model for
the material system presented and allows for directed fabrica-
tion of a variety of microgel-in-hydrogel biocomposites to
regenerate complex anisotropic tissues. Moreover, through the
predictions of the macroscopic model, the material perform-
ance inside tissues could be better controlled by adjusting the
design parameters, thereby reducing the need for animal
experiments.

Experimental section
Fabrication of rod-shaped magneto-responsive microgels

Microgels are prepared as described previously.”®> In brief,
a prepolymer of 3 kDa, six-armed, star-shaped poly(ethylene
oxide-stat-propylene oxide)-acrylate (SPEG-A) is mixed with
1 mol% 2-hydroxy-4"-(2-hydroxy-ethoxy)-2-methylpropiophenone
(Irgacure 2959, BASF), related to total acrylate groups, 0.05 wt%
methacryloxyethyl thiocarbamoyl rhodamine B (Polysciences),
and DMSO to obtain a 100 wt/vol% sPEG-A solution. After stir-
ring for 4 h, 200 Da PEG (Sigma-Aldrich) with an appropriate
amount of SPIONs (EMG 700, Ferrotec) is added as a diluent
to prepare precursor solutions with variable wt/vol% reactive
polymer, which is ultrasonicated as previously described."®
This solution is cast on an inverse polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning) wafer replicate with a sacri-
ficial polyethylene terephthalate (PET) (Goodfellow GmbH)
sheet. By removing the PET sheet, the PDMS mold surface is
cleared from the polymer solution and only the cavities
remain filled, allowing single microgel fabrication after UV-
curing for 60 min in a nitrogen atmosphere. The microgels are
released from the mold by a sticky water-soluble polyvinylpyr-
rolidone layer (PVP, 50 wt/vol%, 360 kDa, Sigma-Aldrich). In
the case of ultrasoft microgels with 11 wt/vol% polymer, the
star-PEG-acrylate is first mixed in a 25 vol% to 75 vol% ratio
with PEG-diacrylate (Sigma-Aldrich).

Purification and preparation of microgel dispersions

Microgels are released from PVP by the addition of water and
collected in 2 mL LoBind tubes (Sigma-Aldrich), followed by
centrifugation at 4500g for 10 min. The microgels are purified

This journal is © The Royal Society of Chemistry 2020
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by sequential removal of supernatants and resuspension in
water, which is repeated three times. Afterward, the microgels
are counted using a Neubauer counting chamber and the con-
centration is adjusted to 0.02 to 0.1 vol%, depending on the
microgel size ranging from 156.25 to 10 000 pm®, respectively.
To increase the viscosity of the surrounding fluid, glycerin is
added depending on the desired dynamic viscosity and the
temperature is kept constant at 20 °C during analysis.

Fibrin rheology and gelation

To measure the dynamic viscosity, a Discovery Hybrid
Rheometer (TA Instruments HR-3 Rheometer PHR3) is used
with a heating plate and a conical geometry with a 20 mm dia-
meter (2° inclination). All measurements are performed with
74 pL sample volume and a truncation gap of 51 um. The gela-
tion rate of fibrin is studied by mixing the fibrinogen-media
mixture with the enzyme solution consisting of thrombin,
factor XIII, HEPES buffer, and calcium chloride (5 mmol L"),
and subsequent testing of the solution fluidity by pipetting
every 10 s. When the solution cannot be pipetted anymore, it
is considered a gel.

Confocal microscopy imaging

Confocal microscopy imaging is conducted with a Leica SP8
confocal microscope equipped with a 10x objective (spinal
cord model, Fig. 4B) or 93x objective (single microgels;
Fig. S91), a white light laser (4 = 550 nm for rhodamine-
coupled microgels) or a diode pumped solid state laser of
561 nm and a helium-neon laser of 633 nm, and a HyD detec-
tor (gating of 0-6 ns; 560-640 nm for rhodamine-coupled
microgels).

Microgel orientation studies

A 20 pL microgel suspension is placed on an 8 mm round
cover glass on top of a PDMS ring which rests on a glass cover
slide on the microscope stage. Rotatable magnets are placed
on top. The set-up consists of 2 squared magnets (1 x 1 cm
with different thicknesses ranging from 1 mm to 1 cm), which
are separated by an aluminum frame. The obtained magnetic
field is determined via a tesla-meter. The frame is mounted on
the inner ring of a ball bearing, allowing rotation. The outer
ring of the ball mill is glued to a circular aluminum frame
serving as a stand. After pre-aligning the microgels for ~60 s,
the magnetic field is rotated by 90°.

Spinal cord injection and staining

C57BL/6] mice are deeply anesthetized with isoflurane gas and
decapitated. Afterward, the dorsal skin is removed and the
spine dissected from the body and fixed by needles on a PDMS
coated Petri dish. Connective and muscle tissues are cleared
from the lumbar spine and the bone removed via laminectomy
to expose the spinal cord. Subsequently, the dura mater is cut
and removed from the spinal cord tissue, followed by cutting of
a rectangular-shaped hemisection using a scalpel. A 1 cm®
square-shaped rare earth magnet (Magnet-shop.net) is placed
next to the spinal cord in order to create a magnetic field of

This journal is © The Royal Society of Chemistry 2020
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>80 mT in the direction of the spinal cord tissue. A 100 uL
Hamilton syringe is filled with 10 puL of the microgel-fibrinogen
solution containing 4 mg mL ™" fibrinogen and the microgels
(0.3 vol% for 2.5 x 2.5 x 50 pm® microgels) as well as the freshly
added enzyme mixture (thrombin and factor XIII; volume of
34 pL) and cell culture media (DMEM, Lonza). The total volume
is injected and allowed to crosslink for ~5 min. After this, the
tissue is fixed with 4% paraformaldehyde for 24 h and stained
for 6 h with 1 pmol L™" SiR-actin (Spirochrome AG), followed by
washing for 1 h with PBS (Lonza).

All procedures for harvesting tissue from experimental
animals were authorized by the local ethics committee from
the University Hospital RWTH Aachen and in accordance with
the guidelines and recommendations from the European
Commission (European Directive of 2010/63/EU).

Data acquisition

The orientation is recorded in phase contrast using a Zeiss
AxioObserver Z1 with a rate of 1 image per s for 120-300 s,
depending on the required orientation time. The orientation
of single microgels is determined using Image]. A spherical
region of interest containing one only microgel at a time is
drawn and the orientation is determined using the plugin
Orientation] and the “dominant direction” function. The
determined direction is visually compared to the acquired
images to control the accuracy of measurements.

Data evaluation and post-processing

The determined dominant orientations at the respective time
points are exported from Image] and applied for the sub-
sequent analysis. The change in angle per second (orientation
rate) can be calculated and related to either time (Fig. 1H) or
the respective orientation state (Fig. 1I). For magnetic field
strengths equal to and above 40 mT, the angular velocity for
each microgel is plotted as a function of the angle, resulting in
a sine-like function, of which the amplitude is calculated by
integrating the simplified oscillatory function between the two
experimental data points at >20° and <70° and the time
required to orient between these angles.
do

s A-sin(2¢)

(A _ log(sin(¢,)) — log(cos(¢,)) — [log(sin(¢,)) — log(cos(¢))]
t —to

with ¢, > 20°and ¢, < 70°>.

Amplitudes are depicted as boxplots showing the mean
value as a red line, the median as a black line, the box as the
middle 50% of the data, and the whiskers are 1.5-I1QR.

Statistics

Statistics are performed with OriginPro 2016G. For comparison
of significance ANOVA is performed with a post-hoc Bonferroni
comparison (*p < 0.05, **p < 0.01, **p < 0.001, and ****p <
0.0001). Data are represented as box plots, including the
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median, mean value, upper and lower quartiles, and outliers.
Experiments are conducted using a Design of Experiment®* if
applicable; however, due to the high experimental fluctuations,
boundary conditions (e.g., highest and lowest magnetic fields,
etc.) are also chosen to allow for experimental feasibility.
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