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a b s t r a c t

Natural healing is based on highly orchestrated processes, in which the extracellular matrix plays a key
role. To resemble the native cell environment, we introduce an artificial extracellular matrix (aECM) with
the capability to template hierarchical and anisotropic structures in situ, allowing a minimally-invasive
application via injection. Synthetic, magnetically responsive, rod-shaped microgels are locally aligned
and fixed by a biocompatible surrounding hydrogel, creating a hybrid anisotropic hydrogel (Anisogel), of
which the physical, mechanical, and chemical properties can be tailored. The microgels are rendered cell-
adhesive with GRGDS and incorporated either inside a cell-adhesive fibrin or bioinert poly(ethylene
glycol) hydrogel to strongly interact with fibroblasts. GRGDS-modified microgels inside a fibrin-based
Anisogel enhance fibroblast alignment and lead to a reduction in fibronectin production, indicating
successful replacement of structural proteins. In addition, YAP-translocation to the nucleus increases
with the concentration of microgels, indicating cellular sensing of the overall anisotropic mechanical
properties of the Anisogel. For bioinert surrounding PEG hydrogels, GRGDS-microgels are required to
support cell proliferation and fibronectin production. In contrast to fibroblasts, primary nerve growth is
not significantly affected by the biomodification of the microgels. In conclusion, this approach opens new
opportunities towards advanced and complex aECMs for tissue regeneration.
© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The extracellular matrix (ECM) of complex and aligned human
tissues consists of highly ordered structural proteins. It provides
both haptotactic guidance by biochemical gradients present in the
ECM and durotaxic directionality via mechanical gradients or pat-
terns [1e3]. To resemble endogenous microstructures of complex
tissues, such as nerve, heart, or muscle, biomaterials have been
spatially modified in their biochemical [4,5], physical [6], and me-
chanical [7] nature. However, many open questions remain to
elucidate how much guiding cues are required in biomaterials to
promote tissue formation. In one example, an artificial ECM (aECM)
was engineered to mimic the fibrous native ECM through well-
defined electrospun fibers [8]. Here, cell activity depended on the
orientation, density, diameter, elasticity, and biochemical ligand
density of the fibers, revealing the importance of cell mediated fiber
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recruitment. Yet, as in many other studies [9,10], cells were grown
on top of the substrate, not fully mimicking the 3D native envi-
ronment that a cell encounters in most tissues in the body.

To study cell behavior in a 3D aECM, hydrogels have been
designed, in which cells can be mixed [11e19]. As this type of
material can be injected as a liquid to sequentially crosslink into a
3D regenerative matrix, they provide great potential to be applied
in a low invasive manner in vivo. Material injection eliminates the
need for invasive surgical procedures, where tissue is removed to
create space for an implant [20]. In sensitive tissues, such as the
spinal cord, injectable hydrogels have been proposed to avoid
further impairment after injury [20]. Due to their versatility,
hydrogels can be modified with cell signaling and binding domains
[22], as well as delivered with preloaded cells [23], growth factors
[24], and vectors for genetic engineering [25e28]. While hydrogels
made from natural proteins have an innate ability to degrade [29],
hydrogels prepared from synthetic polymers can be rendered
degradable via hydrolysis or enzymatic pathways to enable cell
growth and migration. Synthetic advanced materials have been
commonly modified with peptide sequences sensitive to matrix
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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metalloproteinases (MMPs) to induce matrix degradation on cell
demand [30]. The creation of these aECM hydrogels has provided
injectable scaffolds, in which a 3D cell-induced remodeling process
can take place towards native tissue [31].

Unfortunately, most injectable materials are still mainly
isotropic, neglecting chemo-, mechano-, or haptotactic cell guid-
ance, leaving a mismatch between endogenous anisotropic struc-
tural proteins and injectable biomaterials. In order to combine
minimal invasiveness and oriented structures, only a few ap-
proaches have been investigated. In one example, patterns of
biochemical signals were established inside a 3D hydrogel via light
induced activation of an adhesive peptide, Arg-Gly-Asp (RGD), after
implantation, demonstrating a regulatory effect on inflammation
and vascularization in vivo [32]. In another approach, structural
guidance has been achieved by self-assembling peptide amphi-
philes forming oriented nanofibers in situ, inducing aligned cell and
neurite growth [33]. Finally, external magnetic fields have been
applied to obtain material anisotropy upon injection. Here, natural
diamagnetic proteins or cellulose nanocrystals can be aligned in
high magnetic fields (5e10 T) [34,35] or dispersed magnetic iron
oxide nanoparticles can form polydisperse particle strings using
low magnetic fields (<500mT) to guide cells in a surrounding
hydrogel [36e38]. However, in the latter, a large amount of iron
oxide particles is required to form the strings and the dimensions of
the strings are difficult to control.

In order to reduce the amount of iron oxide and control the
properties of the guiding elements, we recently developed a hybrid
material with the ability to fine-tune structural and mechanical
anisotropy [39,40]. The resulting Anisogel triggered the cell's de-
cision to grow in a unidirectional manner but the rod-shaped six-
arm star-shaped poly(ethylene oxide-stat-propylene oxide)-acry-
late (sPEG-A)-based microgels that were used as guiding elements
were bioinert [39]. Surprisingly, the neurons grew in an aligned
manner at very low concentrations of microgels (1 vol%) without
being in direct physical contact with the microgels, indicating a
strong impact of the anisotropic mechanical properties at a certain
distance from the cells. In the case of aligned fibers, the effect of the
interfiber distance above 2.5 mm inside a hydrogel matrix, has, to
the best of our knowledge, not yet been studied systematically. In
addition, it is unknown how much guidance cell and nerves really
need to grow in an aligned manner, such as the effect of the pres-
ence of cell adhesive ligands on the fiber surface.

In this report, we developed an Anisogel, containing bio-
modified microgels to better template the cell niche of complex
tissues and approximate the endogenous anisotropic proteins of a
Fig. 1. (left) Schematic of the native complex structure of an ECM, which strongly interacts w
liquid Anisogel precursor is injected (middle) and the cell-adhesive microgels are aligned
hydrogel. This hydrogel can be cell-adhesive (fibrin) or non-adhesive/bioinert (PEG). Remod
while the microgels and hydrogel degrade over time.
natural ECM (Fig. 1, left). This study enables us to investigate the
importance of rendering the microgels cell adhesive by conjugating
them with adhesive ligands. The Gly-Arg-Gly-Asp-Ser-Pro-Cys
(GRGDSPC) peptide is coupled to the pre-polymer via Michael-
type addition and superparamagnetic iron oxide nanoparticles
(SPIONs) are mixed within the pre-polymer solution before in mold
polymerization. The crosslinkedmicrogels are magnetically aligned
and embedded in two types of enzymatically crosslinking hydro-
gels: a natural fibrin gel and a synthetic bioinert PEG-based
hydrogel (Fig. 1, middle/right). This comparison enables us to
answer the question whether biofunctionalized microgels would
provide sufficient support for aligned cell growth without a cell
adhesive surrounding hydrogel. The extent to which the presence
of adhesion moieties on the microgels influences their guiding ef-
fect and enhances their biocompatibility and remodeling capacity,
is studied and compared.

2. Results and discussion

In order to fabricate a native-like aECM with a linear structure,
bioactive, rod-shaped microgels are oriented inside a hybrid
hydrogel. The microgels are fabricated by UV-crosslinking 20wt/
vol% sPEG-A using an in-mold polymerization technique, where the
mold contains 5 by 5 by 50 mm3 rectangular cavities. The sPEG-A is
modifiedwith the cell-adhesive peptide GRGDSPC viaMichael-type
addition to render the microgels bioactive (Fig. 2A). To analyze and
optimize the conjugation of thiol-containing molecules, cysteine is
initially coupled to sPEG-A. The decrease of thiols throughout the
reaction, and thus the binding efficiency, is quantified by an Ell-
man's reagent, which forms a UV/VIS-active component in contact
with thiols [41]. In accordance with literature [42], we observe a
high pH dependency of the reaction with short reaction times of
2.5e3min at pH 8.0, longer reaction times of 10 and 30min for
lower pH values of 7.4 and 7.0, respectively, and a very low reaction
rate in the order of several hours for pH 6.0 (Fig. S1A). Based on the
Ellman's assay, pH 7.4 and a reaction time of 10min are chosen for
further conjugations due to the short reaction time under physio-
logical conditions. 1H NMR analysis is applied in order to confirm
the degree of cysteine functionalization (Fig. S2). For all cysteine
concentrations, the experimental degree of functionalization cor-
responds to the amount of cysteine in the feed (Fig. S1B). As a
sufficient number of free acrylate groups has to remain available for
crosslinking, not all sPEG-A arms are biofunctionalized to produce
the microgels. To vary the GRGDS concentration, while ensuring a
homogeneous ligand distribution, sPEG-A with approximately 1
ith the cells via the formation of focal adhesions (highlighted). In case of an injury, the
in a magnetic field, followed by fixation via in situ crosslinking of the surrounding

eling of the synthetic aECM towards a native ECM (right), induced by the growing cells,



Fig. 2. A) Thiol-Michael addition of cysteine to the acrylate group of sPEG-A (displayed for one arm of the star polymer as an example). B) Microgels with SAMSA-fluorescein
functionalized sPEG-A (top) show a strong fluorescence signal (green), whereas PEG-A, mixed with fluoresceinwithout a thiol moiety (bottom), results in non-fluorescent microgels,
demonstrating that all fluorescein is washed out. C) Non-modified (top) control microgels and GRGDS-coupled (bottom) microgels are immunohistochemically stained with an anti-
RGD antibody, showing homogeneous GRGDS incorporation throughout the microgels (green: Alexa Fluor 488). The microgels are fluorescently labeled with rhodamine B (red). The
exposure time (B) and laser intensity/detector sensitivity (C) are kept constant to ensure comparability. D) Rotation of GRGDS-coupled microgels of 90� within 60 s in 100mT. E) The
orientation time of GRGDS-microgels does not significantly differ from control microgels (p> 0.05), allowing orientation in 100mT within less than 1min (n¼ 4). Scale bars are
50 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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GRGDS-labeled arm (sPEG-GRGDS; 17.8% of the available acrylate
groups are statistically functionalized with the biomolecule) is
mixed at different weight ratios with unlabeled sPEG-A. For
example, a 1:50 ratio results in 5 mmol GRGDS/g sPEG, which is
diluted to a 20 w/vol% polymer solution before crosslinking,
resulting in a final GRGDS concentration of 1mM.

The incorporation of thiol-containing biomolecules into the
microgel network is visualized by mixing fluorescein with and
without a thiol with sPEG-A at a molar ratio of 1:4.7 before dilution
and crosslinking. After microgel molding and purification, fluo-
rescent microgels are acquired in the case of thiol-containing
fluorescein (5-((2-(and-3)-S-(acetylmercapto) succinoyl) amino)
fluorescein, SAMSA), while standard fluorescein is not coupled to
the network and washed out, leaving non-fluorescent microgels
behind (Fig. 2B). In addition, microgels prepared with 1mMGRGDS
demonstrate a homogeneous modification of the polymer network
with GRGDS (Fig. 2C). Besides the incorporation of GRGDS, we
confirm that SPIONs (400 mg/mL) are successfully embedded into
the biofunctionalized microgels, rendering them responsive to an
external magnetic field of 100mT. The microgels orient within one
minute, which is comparable to the response time of bioinert
magneto-responsive microgels (Fig. 2D, E, Fig. S3) [39]. Finally, we
demonstrate that the biofunctionalization does not significantly
affect the microporous structure of the microgels using cryo-field
emission scanning electron microscopy (FE-SEM imaging)
(Fig. S4). These results show that biomolecules can successfully be
tethered to microgels with a controlled functionalization degree by
conjugating them to the pre-polymer before gelation.

As GRGDS has no complex tertiary structure, we do not observe
effects of deactivation or denaturation by washing with acetone or
ethanol during the purification of the microgels (data not shown).
Since the microgels are prepared by curing sPEG-A using UV irra-
diation, we also tested the UV stability of GRGDS by coupling it to a
sPEG-isocyanate hydrogel film as previously described [43]. We
thereby prove that 1 h of UV exposure does not affect the activity of
the peptide, resulting in unchanged growth of fibroblasts (Fig. S5).
Moreover, we confirm that sPEG-A hydrogels do not release any
cytotoxic compounds into the media via an indirect MTS assay ((3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium). Media is incubated with (condi-
tioned media) or without (incubated media) a hydrogel at 37 �C for
3 days and sequentially applied to culture cells. No differences in
the MTS signal or morphology/spreading are observed, in com-
parison to fresh media (Fig. 3A and B).

To optimize the cell-adhesive peptide content in the sPEG
network, the metabolic activity (MTS assay) and attachment (Live/
Dead analysis) is measured for different GRGDS concentrations
ranging from 0.25 to 4mM. Fibroblasts are cultivated for 3 days on
top of the sPEG-hydrogels, fabricated with the same composition as
the microgels (Fig. S6). The metabolic activity increases with higher
GRGDS concentrations from 24.7± 8.4% without GRGDS to
83.6± 4.4% at 1mM GRGDS, compared to standard tissue culture
polystyrene as a positive control (Fig. 3C). Higher concentrations do
not further improve the metabolic activity. Furthermore, we
observe that cells tend to form clusters without GRGDS, whereas
they spread on the hydrogel surface at GRGDS concentrations at
and above 1mM GRGDS. A Live/Dead assay after 3 days reveals
viable adhered cells in the case of GRGDS modification, whereas
only very few cells survive on the control surfaces without GRGDS
(Fig. 3D). As the fibroblasts do not infiltrate the microgels of the
Anisogel but rather interact with them in a 2Dmanner, we continue
with a peptide concentration of 1mM GRGDS for the bio-
functionalization of the microgels.

Rod-shaped soft microgels, supplemented with a low amount of
SPIONs, allow magnetic ordering within ~40 s, with or without
modification with cell adhesive moieties (Fig. 2D and E). After
alignment, a surrounding soft hydrogel retains the microgel
orientation and position 2min post-injection to induce directed
cell growth in a minimally invasive manner (supporting video 1).
Using sPEG-A molecules offers the advantage to slowly hydrolyze
the hydrogels via ester bonds, while their degradation products
have a suffciently small hydrodynamic radius to allow elimination



Fig. 3. A) Fibroblasts cultivated with fresh media and conditioned media, which is pre-incubated with an sPEG gel, showing no difference in cell morphology and spreading. B)
Normalized absorption at 490 nm of fibroblasts based on a MTS assay, cultivated with fresh, incubated, and conditioned media show no significant differences, indicating that sPEG
gels do not release any cytotoxic compounds (initial seeding: ~5000 cells, n¼ 3). C) Normalized absorption at 490 nm of fibroblasts (based on an MTS assay), cultivated on sPEG gels
with different amounts of GRGDS, demonstrating a positive effect by incorporation of the peptide, but no further improvement for concentrations above 1mM GRGDS (initial
seeding: ~25,000 cells; n¼ 3). D) Live/Dead images of fibroblasts on sPEG gels without (top) and with 1mM GRGDS (bottom). Green color: calcein-AM (Live), red color: ethidium
homodimer-1 (Dead); Data presented as average± s.d. and statistical significance performed using one-way ANOVA with Bonferroni comparison (n.s.¼ p> 0.05). Scale bars are
100 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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of the molecules through the kidney. During microgel degradation,
very small amounts of SPIONs will be released over time, which can
be processed by the native clearance and immune system. In order
to study the effect of biofunctionalization of the microgels on cell
growth, we first incorporate 0.5e2.0 vol% GRGDS-coupled or bio-
inert microgels within a fibrin precursor solution. Gelation of the
fibrin takes place within a low external magnetic field (150mT),
creating a universal directionality of the magneto-responsive, rod-
shaped microgels. Fibroblasts, mixed with cell-adhesive microgels
strongly interact with the microgels, emulating the interaction of
cells with the structural proteins of the native ECM. Thereby, an
anisotropic aECM is produced, which mimics the cellular micro-
environment of complex aligned tissues. In the case of GRGDS-
microgels, the cells have a significantly larger contact area with
the microgels compared to the bioinert microgels (Fig. 4A and
Fig. S7, supporting video 2 and 3). Quantification of the 2D contact
area between the cells and microgels elucidates that 28.9± 14.7% of
the fibroblast area is in contact with the GRGDS coupled microgels,
in comparison to 18.4± 9.8% for bioinert microgels (Fig. 4B). This
substantiates the aspired strong interaction between cells and the
created aECM. Furthermore, we observe strong stress fiber (F-actin)
signals (Fig. 4A) and significantly more stretched cell nuclei in the
case of biofunctionalized microgels compared to the bioinert ones,
which is quantified by image-based analysis (Fig. 4C). This indicates
that the cytoskeleton exerts a higher force on the nuclei [44]. We
hypothesize that this phenomenon may be induced by the higher
local stiffness of the microgels (E¼ 7.3± 1.6 kPa) compared to the
surrounding hydrogel (E¼ 1.6± 0.4 kPa) (Fig. S8). The fibroblasts
interact more strongly with the stiff microgels when these are cell-
adhesive, while in the case of bioinert microgels, the cells interact
more with the soft fibrin matrix. This is in agreement with previous
reports where fibroblasts, cultured on stiffer surfaces (E� 5 kPa),
exhibit a more spread morphology with pronounced cytoskeletal
stress fibers, which exert a force on both the nucleus and integrin
clusters [45e47]. Strikingly, the fibroblasts mostly prefer to interact
with GRGDS-microgels over the surrounding fibrin matrix, which
itself has two cell adhesive RGD-sequences in the Aa-chain (at
Aa572e575 (RGDS) and Aa95e98 (RGDF)) [48]. This may be
explained by the higher stiffness of the microgels or the larger
ligand density of GRGDS on the microgels (1mM RGD), compared
to the fibrin hydrogel (~50 mM RGD), enabling a strong integrin-
mediated interaction [49]. Nevertheless, it is still interesting that
cells rather adhere to the bioactive microgels than to the fibrin
matrix, as fibrin contains many other cell binding sites besides RGD
[50] and additional binding sites for other ECM proteins, such as
fibronectin [51] or growth factors [52], inducing synergistic effects
[53].

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.02.001.

Next, the effect of the anisotropic aECM on the cells' cytoskel-
eton and its capability to induce unidirectional cell growth are
analyzed. The presence and orientation of both bioinert and bio-
functionalized microgels creates a material anisotropy, which
triggers the fibroblasts' decision to grow in a unidirectional
manner. In fibrin hydrogels without incorporated microgels, fi-
broblasts only grow randomly (Fig. S9). Initially, an F-actin image-

https://doi.org/10.1016/j.biomaterials.2018.02.001


Fig. 4. A) Aligned and elongated cells interact less with bioinert microgels compared to biofunctionalized microgels. Blue: nucleus, yellow: F-actin, red: microgels, turquoise:
vinculin, green: paxillin. B) Quantification of the cell contact area with the microgels. C) Aspect ratio (elongation) of the nucleus (DAPI) for cells in contact with bioinert (control) or
biofunctionalized microgels inside the Anisogel. D) Normalized distribution of the overall cell orientation (F-actin) by image based analysis. Microgel orientation is indicated by the
black arrow. E) Full width at half maximum (FWHM) of F-actin signal distributions, as represented in D, of three confocal stacks. F) Box plot diagram of the angle difference between
the longest cell axis and the closest microgel long axis. G) YAP (red) is primarily located in the cytoplasm in fibrin hydrogels, while the addition of 2 vol% microgels induces shuttling
towards the nucleus. H) Quantification of the YAP-signal ratio of the nucleus-to-cytoplasm, depending on the GRGDS modification of the microgels and the concentration of the
microgels inside the Anisogel (n � 20 cells). Scale bars are 10 mm. Data presented as average ± s.d. and statistical significance performed using a one-way or two-way ANOVA with
Bonferroni comparison (*p < 0.05; **p < 0.01; ****p < 0.0001; n.s. ¼ p > 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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analysis is performed to quantify the aspect ratio of the cells
(Fig. S10A). Here, we find a slight increase in aspect ratio in the case
of GRGDS-modified microgels but cannot resolve significant dif-
ferences between the microgel types. In order to increase the
analysis sensitivity, the distribution of overall cell orientation is
investigated, demonstrating cell alignment for both unmodified
and biofunctionalized microgels (Fig. 4D). Yet, GRGDS-coupled
microgels result into a narrower distribution (full width at half
maximum (FWHM)) of cell alignment, indicating better cell
orientation (Fig. 4E and Fig. S11). We hypothesize that the strong
interaction of the cells with the microgels enhances the sensing of
the material anisotropy. In comparison, cells in Anisogels with
bioinert microgels interact more with their surrounding hydrogel,
slightly reducing their unidirectional orientation. In order to
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substantiate this hypothesis, cell alignment is analyzed relative to
the direction of the neighboring microgel by determining the angle
difference of the longest cell axis with the closest microgel long axis
(Fig. 4F and Fig. S10B). Here, too, we observe a narrower angle
distribution for GRGDS-coupled microgels in comparison to bio-
inert microgels.

In order to gain insight into the guidance andmechanobiological
effect of the Anisogel on the cells, we stained for the intracellular
Yes-associated protein (YAP). Shuttling of YAP/TAZ (transcriptional
co-activator with PDZ-binding motif) between the nucleus on stiff
substrates and the cytoplasm on soft substrates influences the
cellular mechanical response by the level of expression of actin and
related proteins, which form stress fibers [54]. Thus, the YAP signal
is an important sensor of mechanotransduction, which we
compared for fibroblasts inside the Anisogels versus a standard
fibrin gel (Fig. 4G). Interestingly, the presence of aligned microgels
(2 vol%) inside the Anisogel induces shuttling of YAP into the nu-
cleus, in contrast to a clear YAP localization in the cytoplasm when
cells are grown inside the soft fibrin gel. Furthermore, in case of
GRGDS-coupled microgels, a significantly increased YAP signal is
Fig. 5. A) Inside a fibrin-based Anisogel, fibronectin synthesis depends on the biofunctional
depending on the biofunctionality of the microgels (orientation indicated by black arrow).
shows a higher value in the case of bioinert microgels, compared to bioactive microgels. D)
for focal adhesion (control), whereas the bioactive microgels show focal adhesions of the
average± s.d. and statistical significance performed using a two-way ANOVA with Bonferron
fibronectin. Scale bars are 20 mm in A and 2 mm in D. (For interpretation of the references t
observed in the nucleus in comparison to bioinert microgels
(Fig. 4H), which supports the observation of enhanced cellular
guidance of fibroblasts for GRGDS-modified microgels. Supplying
lower concentrations of microgels at 0.5 and 1 vol% decreases the
YAP nucleus signal, even in direct contact with the stiff microgels
(Fig. S12). This suggests that YAP translocation from the cytoplasm
to the nucleus is strengthened by a strong interaction of the cells
with RGD-modified microgels but also by the overall mechanical
anisotropy of the Anisogel, which is sensed by the cells at a longer
distance.

As cells are able to produce their own natural ECM over time to
replace the artificial microenvironment, the amount and orienta-
tion of fibronectin, produced by the fibroblasts, is quantified after
48 h of cultivation inside the anisotropic hydrogels. Immunohis-
tochemical staining and image-based analysis reveal that this
fibronectin is aligned along the microgel orientation (Fig. 5A,B,
Fig. S13, other microgel concentrations Fig. S14). In the case of 3D
fibrin-based Anisogels, the fibronectin signal per cell with different
microgel concentrations of 0.5, 1.0, and 2.0 vol% demonstrate that
the amount of produced fibronectin is increased for bioinert
ity of the microgels. B) Distribution of orientation of the produced fibronectin (green),
C) Box plot of the produced fibronectin per cell in 3D (n¼ number of analyzed cells)
Staining against vinculin reveals that the produced fibronectin overlaps with the signal
cell in contact with the microgels without produced fibronectin. Data presented as
i comparison. Blue: nucleus, yellow: F-actin, red: microgels, turquoise: vinculin, green:
o color in this figure legend, the reader is referred to the Web version of this article.)
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microgels, compared to fibrin only and GRDGDS-modified micro-
gels (Fig. 5C). These results are confirmed by UV/VIS fluorescence
measurements of five central areas of the overall Anisogel (Fig. S15).
The stronger cell adhesion of fibroblasts to the GRGDS-coupled
microgels seems to normalize the synthesis of fibronectin, similar
to fibrin only, while cells are prompted to produce more fibronectin
in the case of bioinert microgels to sufficiently adhere to the 3D
anisotropic surrounding. These results support that the GRGDS-
microgels contribute to the replacement of guiding adhesive
structural proteins. Staining against the focal adhesion protein
vinculin reveals that the focal adhesions are in direct contact with
the biofunctionalized microgel surface with little fibronectin being
produced (Fig. 5D). On the other hand, cells grown inside an Ani-
sogel with bioinert microgels show an overlap of vinculin with the
produced fibronectin. These results validate the strong adhesion of
cells to the biofunctionalized microgels, whereas cells close to
bioinert microgels have to produce their own ECM/fibronectin in
order to attach to the microenvironment. These observations are in
agreement with previous reports, where a decrease in collagen
production by chondrocytes was observed when the amount of
RGD inside a hydrogel was increased [55]. However, little has been
reported about the influence of the type of hydrogel, cells, culture
conditions, and the bio-modification of the aECM on the level of
native ECM production and its distribution inside 3D scaffolds,
which is a crucial aspect for tissue maturation in regenerative
constructs.

As fibrin hydrogels are known to be cell-adhesive, we decoupled
the matrix-cell and microgel-cell interactions by applying an inert
but biocompatible PEG-based hydrogel to embed the microgels.
The application of PEG as a surroundingmatrix excludes any kind of
biochemical interaction with the cells, revealing the pure effects of
GRGDS microgel modification on the cell-microgel interactions and
consequent cellular behavior. In addition, this enables us to study
whether biofunctionalized microgels could provide sufficient sup-
port for aligned cell growth when surrounded by a bioinert
hydrogel. The synthetic PEG-based hydrogel is crosslinked via the
same enzymatic mechanism as fibrin [56]. It contains an MMP
cleavable peptide sequence (GPQGYIWGQ) in the backbone,
allowing on cell-demand degradation. Yet, we did not add any
bioadhesive molecules in order to suppress cell-matrix in-
teractions. For this reason, only a few spherical cells are observed
when bioinert microgels are incorporated, whereas more cells can
attach and spread in hydrogels containing biofunctional microgels,
which support cell adhesion to their surface (Fig. 6A). As PEG does
not contain any growth factor binding sites in comparison to fibrin
[52] and is protein repelling, serum-containing signaling molecules
are not likely to locally promote cell proliferation. Cells spread
parallel to the long axis of the biofunctional microgels with high
densities of the focal adhesion proteins vinculin and paxillin in
contact to the microgels. In these synthetic Anisogels, cell prolif-
eration is reduced and almost no fibronectin is produced when
bioinert microgels are applied. In the case of biofunctional micro-
gels, adhesion sides are locally provided to enhance the prolifera-
tion of cells, which produce fibronectin and support each other
forming multi-cellular structures (Fig. 6B). These results are in
agreement with a previous report that demonstrated an increase in
fibronectin production by valve interstitial cells grown in a PEG
hydrogel at higher RGDS concentrations [57]. It emphasizes that the
ECM production is highly dependent on the biochemical sur-
rounding matrix and indicates a high complexity of the restoration
process and the role of native ECM production in an artificial
scaffold. However, the inertness of the PEG hydrogel does not
support the formation of focal adhesions with the surrounding
matrix, resulting in an incapability of the cells to sense the
material's mechanical anisotropy and induce aligned cell growth.
Only in direct contact with the bioactive microgels, cells can extent
and align along the unidirectional microgels. In contrast to the
fibrin-based Anisogels, a surrounding synthetic PEG-based gel will
require additional biomodification to function as an effective
Anisogel.

To investigate the potential of our anisotropic aECM for aligned
complex tissues, we implanted chicken derived dorsal root gan-
glions (DRGs) into the fibrin-based gels as a model for nerve tissue
(Fig. 7A). We decided to continue using GRGDS, as this ligand has a
positive effect on neurite extension of chicken derived neurons
(Fig. S16). These results are in agreement with reports in the liter-
ature, describing the positive character of fibronectin [58] and RGD
[59] on chicken DRG growth. In addition, RGD can promote the
growth of nerve supporting cells present inside the DRGs, such as
Schwann cells, fibroblasts, etc. [60]. We continue with a concen-
tration of 1mM GRGDS in accordance to literature [55,61] and,
furthermore, verify that the chosen GRGDS concentration is in a
suitable range based on a 2D culture of primary neurons on a sur-
facewith the same polymer composition as the microgels (Fig. S17).
Similarly to fibroblasts, nerve cells interact with the microgels in a
2D manner and do not penetrate the microgels, which have a
diameter that is approximately 5 times larger than the axons. In
between the microgels, the nerve extensions interact with the
surrounding fibrin gel in 3D.

Interestingly, in the case of neurite growth inside the fibrin
Anisogels, no significant differences between GRGDS-coupled and
bioinert microgels are observed in their capability to align neurons
at a minimal microgel concentration of 1 vol% (Fig. 7B). Analysis of
the FWHM of the distributions portraying the direction of
neuronal growth (b-tubulin, Fig. S18) shows alignment of the
DRGs in both cases: bioinert microgels (76.3± 8.1�) and GRGDS-
functionalized microgels (85.0± 3.9�, Fig. 7C), while randomly
oriented microgels resulted in non-directed neurite extension
(~171�, Fig. S19). Interestingly, the produced fibronectin follows
the neuronal alignment (Fig. 7D), indicating a cell-induced syn-
thesis of native-like oriented ECM. The density of neurite
outgrowth is quantified in function of the distance from the core
of the DRG (Fig. S20). Here, three different parameters are
analyzed: the maximal neurite density, the distance at which this
maximum drops 50%, and the distance at which no more neurite
outgrowth is observed. For all these measures, no significant dif-
ferences are observed between GRGDS-functionalized and bioinert
microgels (Fig. 7E). This indicates neither a suppressive effect, nor
an enhancing synergistic effect of GRGDS functionalized microgels
on chicken neuronal growth, suggesting that the mechanical effect
of the aligned microgels trumps their biochemical signaling to
trigger oriented neurite growth. This observation is consistent
with a recent 2D study where other cell types, such as fibroblasts
or endothelial cells, were more sensitive to the physical guidance
effect of aligned electrospun fiber mats compared to orthogonally
patterned RGD, indicating a dominance of physico-mechanical
signals over biochemical cues [62]. Aligned fibers have demon-
strated to orient regenerating nerves in many applications with
the fiber density (below 2.5 mm) affecting the total number of
growing neurites but not the length on the extending neurites
[63]. Another study found that nerve cells grow in bundles
perpendicular to the fiber orientation when fibers are sufficiently
close (<2.5 mm) and flexible to be pulled together [64]. Interest-
ingly, this effect was abolished when the fibers were coated with a
biological ECM protein, hinting at the importance of cell adhesion
of the fibers to align cells.

In this report, the diameter of the microgels is 5 mm and the
microgels are embedded inside another cell adhesive matrix. In the



Fig. 6. Effect of biofunctionalized microgels in a synthetic bioinert PEG-based hydrogel. A) Cells spread more when in contact with bioactive microgels, whereas the cells in the
control have spherical morphologies. B) Effect of microgel functionality on fibronectin production, showing a higher amount of fibronectin for biofunctionalized microgels due to a
higher cell number of vital cells. Blue: nucleus, yellow: F-actin, red: microgels, turquoise: vinculin, green: paxillin. Scale bars are 10 mm. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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case of GRGDS-microgels, small increases in neurite density and
length are observed, which may be due to an enhanced biocom-
patibility of the material, leading to stronger interaction with the
nerve supporting cells present inside the DRGs. The fact that RGD
modified microgels do not significantly affect nerve alignment
demonstrates that the small amounts of guiding microgels already
have a dominating effect on aligning neurite growth. These results
confirm that Anisogels are capable of aligning sensitive tissue cul-
tures, such as nerve cells. Although the conjugation of GRGDS to the
structural microgels only shows minor enhancements in perfor-
mance, more intricate bio-ligand patterns, which mimic the
natively occurring binding signals of neuronal tissues (e.g. IKVAV,



Fig. 7. The anisotropic hydrogels align neuronal DRG outgrowth and the produced ECM, independently of the biofunctionalization of the microgels. A) Neurons (turquoise) and
microgels (red) with and without biofunctionalization show an aligned character, as well as the synthesized fibronectin (green) (D). B) Distribution of neurite orientation with
respect to the direction of the microgels (black arrow). C) FWHM of the orientation distributions of �3 DRGs. E) Maximal neurite density, the distance at which this maximum drops
50%, and the distance at which no more neurite outgrowth is observed (maximal distance) inside the Anisogel containing microgels with and without conjugated GRGDS (�3 DRGs).
Data presented as average ± s.d. and statistical significance performed using one-way ANOVA with Bonferroni comparison (**p < 0.01; n.s. ¼ p > 0.05). Turquoise: b-tubulin, red:
microgels, green: fibronectin. Scale bars are 500 mm for overviews (A, B) and 200 mm for magnified images (A). White arrow indicates the direction of the previously applied
magnetic field (microgel alignment). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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YIGSR, RNIAEIIK [61]), may be beneficial as an artificial neuronal
ECM.

For other hierarchical complex tissues, like cardiac tissue, a
proper alignment of cells is required to provide mechanical and
electrical coupling, which is facilitated by the interaction with the
native ECM scaffolds. This cell-ECM communication is affected by
spatial and temporal signal on different scales, ranging from nano
to millimeter and nanoseconds to seconds, respectively [65,66].
Our biomaterial model aims to provide signaling cues to direct cells
in a more simple andmodular manner compared to native complex
tissues. The individual controllability of the surrounding mechan-
ical/biochemical properties, as well as the structural/anisotropic
features in a 3D environment, allows studying these cell-material
interactions in a precise way.
3. Conclusions

We established a method to biofunctionalize rod-shaped,
magneto-responsive, microgels with synthetic bioactive peptides
to fabricate injectable unidirectional aECMs. By presenting bioac-
tive epitopes in a controlled manner, a novel degree of biomimicry
of Anisogels is achieved, closely resembling structural proteins of
the native ECM of anisotropic, hierarchical tissues.

Here, we show that cells strongly interact with bio-
functionalized microgels in both a 3D natural and synthetic
hydrogel. In the case of cell-adhesive fibrin, the cells prefer to
interact with the bioactive microgels leading to a higher deforma-
tion of the nuclei compared to the non-modified microgels, which
indicates a higher force exerted on the cell body. In addition, the
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overall cell orientation is enhanced by the biochemical modifica-
tion of the structural microgels, which seems to be related to an
enhanced nuclear YAP-localization that increases with higher
microgel contents and the addition of GRGDS. These results suggest
that cells are not only affected by neighboring microgels but also by
the overall anisotropy of the Anisogel.

Another striking difference, observed in the case of bio-
functionalized microgels, is the reduced ECM production. Focal
adhesion staining against vinculin reveals that cells indirectly
interact with bioinert microgels via the production of their own
ECM proteins, whereas cells covering the biofunctionalized
microgels do not have to produce as much fibronectin to strongly
interact with the microgels. In addition, we demonstrate that the
overall production of fibronectin depends on the biochemistry of
the surrounding microenvironment of the microgels. In the case of
natural fibrin, less fibronectin is produced for GRGDS-coupled
microgels, while in the case of synthetic PEG, biofunctional
microgels are able to interact with the cells, resulting in adhesion
and proliferation accompanied with an enhanced level of fibro-
nectin production. Interestingly, the fibronectin, produced by the
cells, is structurally oriented in the direction of the aligned micro-
gels. This may result in a positive feedback cycle supporting cell
guidance in a specific direction and raises the question of how
much guidance we have to provide for the cells before they take
over and follow the material instructions towards aligned func-
tional tissue.

Although a positive effect of RGD on neuronal growth of DRGs is
expected [59], the GRGDS-modified microgels inside a fibrin gel do
not significantly affect the level of outgrowth or orientation of
neurons, derived from chicken DRGs. Only a slight enhancement of
neurite extension is observed for GRGDS-functionalized microgels,
which may have been induced indirectly by the interaction with
supporting cells. The results suggest that the signal for neuronal
cell alignment coming from the anisotropic character (aligned
microgels) of the Anisogel superimposes biochemical cues coming
from GRGDS functionalization. Based on the presented results, the
developed hybrid hydrogel can be loaded with cells and crosslink
enzymatically in situ under physiological conditions. The Anisogel
system can be applied either for in vitro tissue engineering appli-
cations, ex vivo tissue models, or in vivo regenerative medicine
applications in a low invasive manner. The high versatility of this
plug and play system provides the possibility to alter the
biochemical, mechanical, and structural design properties bottom-
up in a controlled manner, allowing adaptability to the complexity
of different types of tissues.

4. Materials and methods

4.1. Anisometric microgel fabrication

Anisometric microgels consist of 3 kDa six-arm poly(ethylene
oxide-stat-propylene oxide) with a ratio of 4:1 ethylene oxide to
propylene oxide (sPEG) (CHT R. Beitlich GmbH). The presence of
20% propylene reduces the crystallinity of sPEG at high molecular
weights, rendering the polymer liquid. Acrylate end groups are
introduced by functionalization of sPEG with hydroxyl end groups
using acrylic acid anhydride (Sigma-Aldrich) according to a clas-
sical Fischer esterification [67]. 101.80 g sPEG-OH (0.204mol hy-
droxyl groups, 1 eq.) is dried at 80 �C for 20 h and then dissolved in
750mL of dried toluene (Sigma-Aldrich). 24.2 g of pyridine
(0.306mol, 1.5 eq., Sigma-Aldrich) is added, followed by dropwise
addition of 33.38 g acrylic acid anhydride (0.265mol, 1.3 eq., Poly-
science) at room temperature (RT). The solution is stirred for 24 h at
RT and the solvent is removed under reduced pressure. The residue
is taken up in dichloromethane (Sigma-Aldrich) and the product is
purified by repeated precipitation steps in cold diethyl ether
(Sigma-Aldrich). The degree of functionalization is determined by
1H NMR analysis (>98%).

The functionalized sPEG-A, which has a density of ~1.13 g/mL, is
diluted with dimethyl sulfoxide (DMSO, VWR) and a photoinitiator
solution (2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure D-2959®, Sigma-Aldrich) in
DMSOwith a concentration of 0.1mg/mL) in order to produce a 100
w/vol% sPEG-A solution with a final photoinitiator concentration of
1mol% per free acrylate groups. In the case of fluorescent labeling,
0.05 w% of methacryloxyethyl thiocarbamoyl rhodamine B (Poly-
sciences) is added. The final solution is mixed under exclusion of
light for 4 h.

To prepare molds for the microgels, polydimethylsiloxane
(PDMS, Sylgard® 184, DowCorning) is mixedwith a thermoinitiator
at a ratio of 10:1 and the solution is stirred vigorously. The solution
is sequentially poured on a fluorsilanized silicon wafer, containing
rectangular features of 5� 5� 50 mm. The wafer with the liquid
PDMS on top is stored at RT for 1 h to ensure complete air removal
before curing at 110 �C for 4 h. The cured PDMS is peeled off the
wafer, forming the mold.

The microgels are fabricated as previously described [39]. For
dilution of sPEG-A to a 20 w/vol% solution, 200 Da PEG-OH (Sigma-
Aldrich) is added instead of water to generate a non-volatile
polymer blend, which avoids evaporation during the fabrication
process of themicrogels. SPIONs (EMG 700, Ferrotec Europe GmbH)
are dispersed in the polymer blend, which is applied to the PDMS
mold with the desired cavities. A delamination step results in filled
cavities with well-defined gaps (free of polymer) on the surface of
the mold between the cavities. The sPEG-A is UV-crosslinked for
60min, while the inert 200 Da PEG-OH diluent does not participate
in the reaction. This causes a reaction induced phase separation,
facilitating full extraction of the PEG-OH after curing. The cured
microgels inside the cavities of the mold are then washed with
acetone for 2 h and twice with deionized water for 30min. The
mold with the microgels is fixed upside-down on a glass slide with
50 w% polyvinylpyrrolidone (PVP, Sigma-Aldrich) in water and
dried at 40 �C. After three days, the mold is peeled off the glass
slide, releasing the microgels from the PVP glue, which is dissolved
by deionized water to collect the microgel dispersion. The micro-
gels are concentrated by centrifuging the solution at 4500 g for
10min. For cell experiments, the microgels are subsequently ster-
ilized using UV-radiation for 30min and twice with ethanol (70 vol
%), followed by washing twice with phosphate buffered saline (PBS,
VWR) pH 7.4 and twice with cell media.

4.2. Biomolecule-polymer-conjugate preparation

Thiol-containing biomolecules (Cysteine (Sigma-Aldrich), Gly-
Arg-Gly-Asp-Ser-Pro-Cys (GRGDSPC), Bachem) and sPEG-A are
diluted in 0.1M phosphate buffer pH 7.4 and changes in pH are
adjusted to 7.4 using 1M NaOH (Sigma-Aldrich). The solution is
mixed and stirred for 10min to enable Michael-type addition. The
reaction is quenched by lowering the pH to 6.0 by adding 1M HCl
(Sigma-Aldrich). The consumption of the thiols throughout the
Michael-type addition is quantified by measuring the free thiols
using an Ellman's test. 12.5 mL of Ellman's solution (4mg 5,50-
dithiobis-(2-nitrobenzoic acid) (DTNB) (Sigma-Aldrich)) in 1mL
0.1M phosphate buffer pH 8.0) is diluted in 625 mL 0.1M phosphate
buffer pH 8.0 to obtain the Ellman's reaction solution. The DTNB
reacts with the remaining thiols, forming absorbing 2-nitro-5-
thiobenzoate (l¼ 412 nm). A calibration using cysteine in solu-
tion is used to determine the thiol concentrations based on the
absorption.

The solvent (buffer) of the biomolecule-sPEG-conjugate is
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removed via lyophilization and the product is used in weight ratios
with sPEG-A for the preparation of microgels as described before.
For 1H NMR analysis, 15mg of biomolecule-polymer-conjugate is
dissolved in 700 mL of D2O (Sigma-Aldrich, Bruker DPX-400 FT NMR
400MHz spectrometer). For qualitative evaluation of the conjuga-
tion reaction, 3.0mg activated 5-((2-(and-3)-S-(acetylmercapto)
succinoyl) amino) fluorescein, containing a free thiol group
(SAMSA-fluorescein, Thermo Fisher Scientific) (5.7 mmol, 0.2 eq.), or
1.9mg fluorescein (5.7 mmol, 0.2 eq., Sigma-Aldrich) without a thiol
group (negative control), are added to 15mg sPEG-A (27.1 mmol
acrylates, 1 eq.) at 1:4.7M ratio and diluted with 85 mg sPEG-A
resulting in a final SAMSA/fluorescein concentration of 11.2 mM
in the microgel. Fluorescent labeling of the microgels is analyzed
using microscopy (Zeiss AxioObserver Z1). To visualize the incor-
poration of sPEG-GRGDS conjugates into the microgels, an
antibody-based staining is performed. GRGDS functionalized
microgels and non-modified microgels are incubated with a pri-
mary antibody (Anti-RGD (Biorbyt), 1:100 in PBS) overnight at RT,
washed three times with PBS pH 7.4, and incubated with a sec-
ondary antibody (goat anti-rabbit Alexa Fluor® 488 (Thermo Fisher
Scientific), 1:100 in PBS) overnight at RT, followed by threewashing
steps with PBS pH 7.4.

The porous structures of microgels with and without GRGDS are
compared using cryo field emission scanning electron microscopy
(cryo FE-SEM, SU4800 Hitachi Ltd. Corporation). For this purpose,
the swollen microgels are frozen in liquid ethane for 1min and
transferred into liquid nitrogen. The samples are cut inside the FE-
SEM pre-chamber, sublimated for 10min, and visualized at 1 kV
and 1 mA. The magneto-responsiveness of the microgels with and
without GRGDS is analyzed by performing an orientation assay. The
orientation time of the microgels is determined as previously
described [39], utilizing the tensor flow method implemented in
the OrientationJ plugin of ImageJ. Briefly, the dominant orientation
and coherency are determined for each video frame and microgels
are considered as aligned, when the coherency, which is an indi-
cator of the quality of the determined orientation, changes rela-
tively less than 1%/s over a course of 5 s.

4.3. Cell culture

Mouse-derived L929-fibroblasts are cultured in RPMI media
1640 (Lonza) supplemented with 10 vol% of fetal bovine serum
(FBS, Biowest) and 1 vol% Gibco™ antibiotic-antimycotic at 37 �C
and 5 vol% CO2. Dorsal root ganglia (DRGs) derived from chicken
embryos (day 10) are cultivated in Dulbecco's Modified Eagle Me-
dium (DMEM) media (Lonza), supplemented with 20 ng/mL nerve
growth factor (NGF, PeproTech). To optimize the amount of bioac-
tive GRGDS peptide in the polymer, a proliferation assay using (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (MTS, Promega) is performed.
Therefore, a thin sPEG-gel film with different concentrations of
GRGDS is prepared on a plasma treated 15mm coverslip and UV
cured for 1 h (Fig. S6). The sPEG-A is pre-functionalized with
GRGDS as described before using 1mg peptide (1.45 mmol, 0.18 eq.)
and 4.5mg sPEG-A (8.12 mmol acrylates, 1 eq.) and different GRGDS
concentrations are achieved by mixing different weight ratios of
the functionalized sPEG-GRGDS and non-functionalized sPEG-A
with PEG-OH (200 Da). The total polymer concentration is kept
constant at 20 w/vol%. The functionalized sPEG-gel films are
washed once with acetone for 2 h and twice with MilliQ water for
30min. After sterilization with UV-radiation for 30min, the films
arewashed twice using 70 vol% ethanol. Before seeding 25,000 cells
per sample, the sPEG-gel films arewashed twicewith PBS and RPMI
media. A tissue culture polystyrene (TCPS) dish with the same
surface area is used as a control. The cells are then cultivated for
72 h, after which the sPEG-films are detached from the cover slips
and transferred to a new well to add MTS solution and incubate it
for 4 h at 37 �C. 100 mL per sample is placed in a 96 well plate and
absorption is measured at a wavelength (l) of 490 nm using a
microplate reader (Biotek® Synergy HT, USA). The absorption at
490 nmwas normalized by dividing the measured absorption with
the absorption of the positive control in order to analyze the
metabolic activity of the cell. Additionally, a Live/Dead staining for
the optimized GRGDS concentration and for a non-functionalized
sPEG-based hydrogel is performed (Live/Dead® Viability/Cytotox-
icity kit for mammalian cells, Biovision) [68]. Specifically, 2 mL of
2mM Ethidium homodimer-1 in DMSO/H2O 1:4 (v/v) and 0.5 mL of
4mM Calcein AM in anhydrous DMSO are dissolved in 1000 mL PBS
pH 7.4 and added to the cells. Samples are incubated at 37 �C for
30min and washed with PBS. Subsequently, cells are analyzed us-
ing fluorescence microscopy (l¼ 530 nm for live cells and
l¼ 645 nm for dead cells). For analyzing nerve growth on the sPEG-
films, plasma treated cover slips (Ø¼ 9mm) are acryl-silanized
using 200 mL of 3-(Trimethoxysilyl)propyl acrylate (92% pure,
Sigma-Aldrich) in an desiccator under reduced pressure for 2 h and
excess of the material is removed in an empty desiccator under
reduced pressure for 2 h. Subsequently, 5 mL of sPEG-films with a
final concentration of 1mM GRGDS are prepared on the function-
alized cover slides and washed as described above before seeding
30,000 neurons. Neurons are cultivated for 3 days using cDMEM
with 10% FBS and 13 ng/mL NGF.

In addition, to ensure that the sPEG-A does not release any
cytotoxic compounds, a cytotoxic test is performed. 25 mL of sPEG-
gel films are prepared and washed as described before and incu-
bated with 1mL media for three days (2.5 vol% sPEG-gel in media)
(conditioned media). The media is removed from the gel and
sequentially added to fibroblasts cultured on a TCPS surface.

To ensure that the GRGDS peptide is not deactivated by UV ra-
diation during polymer-crosslinking, the functionality of untreated
GRGDS and UV-treated GRGDS are analyzed and compared.
Therefore, a previously reported method is applied [43]. In brief,
amino-functionalized surfaces are PEG-coated by incubating 100 mL
of 10mg/mL sPEG-isocyanate (6 arms, Mw¼ 12 kDa) in water for
15min at RT. Subsequently, the PEG-solution is removed and the
PEG-coated surfaces are UV-sterilized for 30min and 100 mL of the
peptide solution with a concentration of 100 mM is pre-incubated
for 1 h at RT. PEG-coated surfaces, coated with fibronectin
(150 nM, Sigma-Aldrich), are used as a positive control, while PEG-
coated surfaces without any peptides/proteins functioned as a
negative control. Surfaces are UV treated for 1 h or untreated, post-
cured at 4 �C overnight, and washed three times with PBS pH 7.4 to
remove unbound proteins or peptides. 5000 fibroblasts per well are
seeded on the surface and incubated for 3 days. Subsequently, a
MTS assay is performed as described before.

For comparing full length fibronectin and GRGDS with laminin
according to their ability to support neurite growth, the surfaces
were coated with 150 nM laminin (29,7 mg/mL, Sigma-Aldrich) and
150 nM fibronection (33 mg/mL), as well as 100 mM GRGDS (69 mg/
mL) as described above. Subsequently, DRGs from chicken embryo
(day 10) are dissociated by incubation in media with 1� trypsin for
30min at 37 �C and triturating them 20 times with a fire polished
Pasteur pipette, which is repeated three times with a more narrow
fire polished Pasteur pipette each time. To purify the nerve cells
from fibroblasts and other non-neuronal cells, the cell solution is
then placed in a large tissue culture plastic dish (small volume to
area ratio) and incubated for 2 h at 37 �C to give fibroblasts and
non-neuronal cells time to adhere to the surface. The nerve cells
adhere much slower and, thus, most of them are still in the su-
pernatant after 2 h incubation. After collecting them in a new vial,
the supernatant is centrifuged, removed and the cell pellet
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resuspended in a defined volume and counted. 15,000 nerve cells
purified from dissociated nerve cells were seeded on the surface
and cultivated for 3 days.

4.4. Hydrogel preparation and cultivation

For analysis of cells in the 3D hybrid Anisogels, the microgels are
incorporated inside an enzymatically crosslinkable fibrin or PEG-
based hydrogel. For fibrin-based hybrid hydrogels, fibroblasts in a
final concentration of 500 cells per mL fibrin gel are mixed with
different microgel concentrations. For the preparation of the fibrin
gel, an enzyme solution is prepared (4 U/mL fibrogrammin (factor
XIII, CLS Behring), 0.125 U/mL thrombin (Sigma-Aldrich), and 5mM
calcium chloride (Sigma-Aldrich) in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (Life Technologies))
and incubated for 15min at 37 �C to activate factor XIII. Subse-
quently, 18.2 mL of a cell-microgel-fibrinogen mixture, diluted in
media (RPMI), is combined with 1.8 mL of the enzyme solution to
obtain a final concentration of 8mg/mL fibrinogen (Milan Analy-
tica). 15 mL of the final solution is placed on a glass slide between
two magnets (B¼ 150mT). For DRGs, the same procedure is per-
formed with a 15 mL hydrogel, but a final concentration of 4mg/mL
of fibrinogen is used and 20 ng/mL of nerve growth factor (NFG)
supplemented DMEM is applied. The DRGs are placed on top of a
cover glass inside a magnetic field and the microgel-fibrinogen
mixture is pipetted on top, leading to a final SPION concentration
of approximately 8 mg/mL, which is within the non-toxic range [69].
After 10min incubation at RT, the samples are removed from the
magnets and incubated for 10min at 37 �C before adding 1mL
media. The cells are incubated at 37 �C for 3 d (fibroblasts) or 7 d
(DRGs).

To decouple the matrix-cell and microgel-cell interactions, we
replace the fibrin gel by a fully synthetic, bioinert PEG-hydrogel for
embedding the microgels. The PEG-hydrogel is a synthetic fibrin
mimic, as it uses the same enzymatic crosslinking method, using
thrombin and calcium activated Factor XIII. Therefore, sPEG-
conjugates are synthesized via Michael-type addition as
described elsewhere [56]. Briefly, either Q- (H-NQEQVSPL-ERCG-
NH2) or K-peptides (Ac-FKGG-GPQGYIWGQ-ERCG-NH2) (Pepscan)
are attached to eight-arm PEG-vinylsulfone (PEG-VS, Mw 20,000 g/
mol, purchased from Jenkem technology USA Inc.) in 0.3M trie-
thanolamine (pH 8.0) at 37 �C for 2 h. Q- and K-peptides are added
to PEG-VS in a 1.2 fold molar excess over the VS groups. Both so-
lutions are subsequently dialyzed against double distilled water
(ddH2O) for at least 4 days at 4 �C (Slide A Lyzer, MWCO 3.5 K). After
dialysis, both products (“sPEG-Q” and “sPEG-K”) are obtained as a
white powder after lyophilization. To confirm that the reaction is
successful, 1H NMR in D2O is measured. The VS associated peaks at
6.3 ppm (¼CH2), 6.4 ppm (¼CH2), and 6.9 ppm (-SO2CH¼ )
completely vanish in the product. Additionally, the PEG-Q arisen
aromatic signals (7.1 ppme7.6 ppm) can be attributed to the aro-
matic amino acids F and W, respectively, and give further evidence
of the reaction. A 10mg/mL PEG-based hydrogel (15 mL) is formed
via enzymatic crosslinking between both recognition sequences in
PEG-Q and PEG-K in a molar ratio of 1:1. The solution is buffered
with a 10X buffer (CaCl2 0.1M, Tris 0.5M, NaCl 1.1M) and crosslinks
at a final concentration of 10 U/mL activated FXIII. After 10min at
RT within the applied magnetic field, the gelation is continued for
30min at 37 �C in the incubator, followed by the addition of 1mL
media.

To analyze the difference in mechanical properties of the
microgel and hydrogel components, atomic force microscopy
(AFM) (Bruker, Dimension Icon FastScan System) nano-indentation
is used to determine the E moduli. An s-Qube® colloidal probe
(Nano andmore, CPePNPSeSiO-A-5) with a 2 mm (þ/- 5%) diameter
silicon dioxide sphere on a triangular gold coated cantilever is
calibrated in air using the thermal resonance method built into the
AFM software (spring k¼ 0.2467 N/m). The E-moduli are measured
by indentation at 1 mm/s over an area of 5 � 5 mm and analyzed by
fitting with the Hertz model (non-linear fit allowing for the
simultaneous determination of the contact point and the E
modulus) up to a force of 5 nN. The Emodulus of the fibrin hydrogel
is determined by calculating the average of all values and the E
modulus of the microgels by only using the data points in the
center-line of the microgel.

4.5. Immunohistochemical staining and microscopy

After cultivation, all hydrogel samples are washed for 30min
with PBS and fixed with 4% paraformaldehyde (AppliChem) for
60min, followed by 3 washing steps (30min) with PBS. Cells inside
the gels are blocked with 4 w% bovine serum albumin (BSA, Sigma-
Aldrich) in PBS for 2 h, followed by the addition of the primary
antibodies against fibronectin (Sigma-Aldrich,1:200), S100 (abcam,
1:200), paxillin (Sigma-Aldrich, 1:200), vinculin (Sigma-Aldrich,
1:100), Tuj-1 (Sigma-Aldrich, 1:250), YAP-647 (Santa Cruz
Biotechnology, 1:100) or phalloidin (abcam 1:1000), which are
incubated overnight at 37 �C. After washing 3 times for 30minwith
PBS, secondary antibodies (Alexa Fluor 488 anti-rabbit or Alexa
Fluor 633 anti-mouse (Thermo Fisher Scientific, 1:100)) are incu-
bated for 4 h at 37 �C, after which DAPI is added for 60min. Finally,
samples are washed 3 times for 30min with PBS and then trans-
ferred into Mowiol®, which is applied as microscopy embedding
media.

2D samples are fixed with 4% paraformaldehyde for 30min,
followed by 3 washing steps (15min) with PBS. Cells are per-
meabilized using 0.1% Triton-X (Sigma-Aldrich) for 3min, washed
twice with PBS and blocked with 5 w% BSA in PBS for 30min, fol-
lowed by the addition of the primary antibody against Tuj-1
(Sigma-Aldrich, 1:250) in 5 w% BSA solution, which is incubated
4 h at RT. After washing 3 times for 15min with PBS, the secondary
antibody (Alexa Fluor 488 anti-mouse, 1:100) is incubated for 1 h at
RT, and, finally, samples are washed 3 times for 15min with PBS.

Confocal laser scanning microscopy is performed with a Leica
SP8 Tandem Confocal system, equipped with a white light laser
(WLL). Samples are excited with the dye specific wavelengths using
the WLL or a photodiode 405 in the case of DAPI. Emission is
detected with PMT detectors (DAPI, microgels) or HyD detectors
(fibronectin, vinculin, paxillin, phalloidin, YAP).

Images are sequentially deconvolved with Huygens Professional
(Scientific Volume Imaging B.V.), performing the ‘Standard’ quick
deconvolutions. The length and width measurements of the nuclei
and cells are executed within the LasX software. Fibronectin signal
quantification is performed with ImageJ by applying the ‘Plot z-axis
profile’ and summing up the mean intensities, which are then
divided by the number of cells per stack, derived from the DAPI
signals. UV/VIS spectroscopic quantification of fibronectin is per-
formed by exciting at 485/20 nm and detecting signal at 528/20 nm.
Hydrogel samples are placed in the middle of a 48 well plate and
area scans are executed 1mm above the plate ground. Five mea-
surement points (cross-shape) of the middle area are retrieved and
subtracted by the mean blank values, which are hydrogels without
cells. YAP-signal ratios are determined by measuring the fluores-
cence in a 1.5� 1.5 mm2 window at a random position in the nu-
cleus and the cytoplasm and dividing the average fluorescence of
each area (FNucleus/FCytoplasm).

The alignment of cells, DRGs, and fibronectin is quantified by
first applying either a rolling ball filter with an 8-pixel ball radius
(in the case of large DRG images) or no background correction. The
images are sequentially smoothened with a Gaussian kernel [70]. A
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locator kernel (second derivative Gaussian) is applied in one di-
rection and a Gaussian is then rotated from 0� to 180� in 9� in-
tervals. A threshold is applied to the maximum projection of the
convoluted images along the angle axis using Otsu's method. The
orientation angles (alphas) are recorded corresponding to the
pixels in the maximum intensity images over the threshold and are
used to generate the alpha image and the angle histogram. This
diagram is rotated such that the maximum points towards
0� (Figs. S11, S13, S18).

To quantify the interaction between fibroblasts and microgels,
the F-actin signal (fibroblast) and the rhodamin B signal (micro-
gel) are analyzed in a two pass process. In the first pass, the
images are summed up to create a Z-projection keeping the
channels independent from each other. Here, the areas of interest
are identified using a dynamic threshold, calculated by Otsu's
method. Subsequently, in the second pass, the images are masked
to only reveal their area of interest (defined in the first pass), then
a relative intensity threshold of 0.0625 is applied to identify the
pixels belonging to the valid features. This way, overlapping sig-
nals of the F-actin and the microgels are determined for all im-
ages in the z-stack (approximately 70 images) and are normalized
to the F-actin signal of the cells. A series of 15 images in the z-
direction, containing the highest interactions, are taken into ac-
count to determine the overall interaction between the cells and
microgels. The number of analyzed samples is n > 20 (video 2, 3
and Fig. S7).

To quantify the neurite outgrowth from DRGs, the cores of the
DRGs are cut out and the images are rendered binary by defining a
threshold using Otsu's method. The images are analyzed with a
MatLab code, which determines the amount of non-zero valid im-
age pixels at a specific distance (radius) to the edge of the core. A
histogram is calculated and the density of pixels is determined by
dividing the number of the pixels by the area, in which they were
counted. Nomore neurite growth is defined belowa pixel density of
0.001 #/mm2 (Fig. S20).

In order to verify the injectability of the Anisogel, a fibrin
hydrogel precursor solution containing 1 vol% magneto-responsive
microgels is prepared as described before. The enzyme solution is
added to the mixture and a 15 mL drop is pipette on a cover slip
within a 150mT magnetic field. Laser scanning confocal imaging is
performed for 2min, followed by rotation of the magnet by 90� and
further confocal imaging for 5min.

4.6. Statistics

Analysis of statistics is conducted with OriginPro 2016G. A one-
way or two-way ANOVA is performed with a post-hoc Bonferroni
comparison to evaluate statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). Data are shown as mean average with
error bars indicating the standard deviation.
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