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ABSTRACT: For mimicking the fibrous extracellular matrix
(ECM), a facile method for patterning anticell adhesive
substrate was novelly applied on agarose hydrogel. Without
using masks or templates for etching, we applied the magnetic
field-induced colloidal assembly of magnetic nanoparticles on
the flat agarose hydrogel to form cell-adhesive micropatterns.
Meanwhile, tuning the hydrogel substrate’s modulus to fit real
tissue was experimentally demonstrated. Magnetic nanobeads
were also assembled on this hydrogel surface and formed more
complete and regular patterns. The patterned hydrogel
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substrate could actually influence behaviors of different cancer cells, including adhesion, growth, and migration.
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tumor-associated ECM

C ellular microenvironments, which commonly refer to the
places where cells reside, provide not only physical
supports and signal transduction but also anchoring sites which
can maintain cell migration and prevent anoikis.' > Cellular
microenvironments consist of cellular parts and acellular parts;
the former include various kinds of cells, such as mesenchymal
cells, immunocyte, or endothelial cells, and the latter are mainly
the substrates like extracellular matrix (ECM). Recently,
increasing attention has been paid to the physical factors of
cellular microenvironment.®” It has been reported that both
“bulk” (e.g., mechanical and chemical properties) and
“interfacial” (e.g, interfacial energy, topography, etc.) proper-
ties affect the differentiation of stem cells or the motility of both
normal and cancer cells.* '* Since the cellular microenviron-
ments are sophisticated, the integration of these factors is
possible to be an effective method to replicate the cellular
microenvironment, which can make cell behaviors in vitro
similar to those in vivo."'™*?

The patterning of the cell-contact interface, whether physical
or chemical, is one of the central issues in the study of cell
behaviors. For example, by using hard lithography, such as
photo- or laser-lithography, surfaces with patterns of different
shape and scale have been prepared to study cell morphology as
well as adhesion, migration, and differentiation.’*™"° Mean-
while, soft lithography is also extensively investigated. Through
patterning “inks”, such as protein-absorbed molecules, or
protein itself, on interfaces, researchers are allowed to modify
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the substrate interface on the scale of micrometers.>’™>°

Topographically, the as-prepared patterns, which are known as
“top-down”, are of great regularity. However, naturally formed
ECM does not have regularity in such a high degree. In fact,
normal ECM consists of matrices with nondirectional arrange-
ments, while tumor-associated ECM arranged orderly. As
shown in Amatangelo et al’s report, tumor-associated
fibroblasts could produce matrices with an apparently
progressive parallel arrangement, which is greatly different
from the chaotic structure of the normal matrix.*® According to
previous work in our group, the assembly of magnetic
nanoparticles induced by the magnetic field could produce
orderly fibrous patterns on rigid substrates (silicon, glass,
etc.).”” Owing to the resemblance between these patterns and
tumor-associated ECM in topography, this assembly technique
might be a good candidate in mimicking tumor-associated
ECM.

Herein, we address this issue by a simple and versatile
method. Cell-adhesive nanomaterials were assembled into
parallelly arranged patterns on the surface of anticell adhesive
hydrogel with appropriate mechanical properties, which
consider topography, mechanical properties, and cell-adhesive
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Figure 1. (A) Schematic illustration of the basic steps of fabricating micropatterns on agarose hydrogel substrate and (B) a schematic illustration of
covalently binding of y-Fe,O;@APTS MNPs by genipin on the hydrogel substrate.

function integratively (Figure 1). To improve the stabilization
of the patterns, in other words, to prevent patterns from
shedding off from the hydrogel surface when used for cell
culture, they were tethered on the surface of the hydrogel by
the biocompatible reagent genipin. Through preparing the
hydrogel, we demonstrated that cell-adhesive patterns on the
soft interface with mimicking real tissue affected the adhesion
and migration of ovarian cancer cells.

The impact of the mechanical properties of substrate on cell
behaviors has been extensively studied, but the substrate
employed mostly was poly(acryamide) (PAM) hydrogel.%”
Through changing the ratio of monomers (ie., acrylamide,
AM) to cross-linkers (e.g., N,N’-methylenebis(acrylamide), or
BIS), the mechanical properties of hydrogel could be tuned.
However, when cells were cultured on this kind of hydrogel, the
residue of the initiator (ammonium persulfate, APS) or cross-
linker BIS might lead to the microenvironments more different
from those in vivo; in addition, the toxicity of monomer might
even aggravate this problem.”® Therefore, we selected agarose
hydrogel as the substate material because of its high
biocompatibility. Meanwhile, the function of formed micro-
patterns could be remarkably distinguished from hydrogel
substrate owing to the antiadhesiveness of agarose hydrogel.

Moreover, the modulus of substrate can be conveniently
tuned in a wide range, only by varying the concentration of
agarose solution. Figure 2 shows the Young’s modulus (E) of
hydrogels containing 0.3%, 0.5%, 0.8%, 1.0%, 1.5%, and 2.0%
(w/w) of agarose (named as hydrogel 0.3, hydrogel 0.5,
hydrogel 0.8, hydrogel 1.0, hydrogel 1.5, and hydrogel 2.0,
respectively, in this paper). The Young’s moduli of hydrogel 1.0
and hydrogel 0.3 are 15.556 + 1.298 kPa and 3.664 + 0.646
kPa, respectively.

According to Engler, the physiological modulus of muscle
tissue and brain tissue varies from 8 to 17 kPa and 0.1 to 1 kPa,
respectively.” Therefore, we could conclude that the Young’s
modulus of hydrogel 1.0 and hydrogel 0.3 is closer to those of
muscle and brain. Then by forming hydrogels on silicon wafers,
the flat hydrogel surface can be obtained, which could reduce
the disturbance of the assembling process.
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Figure 2. Young’s modulus of agarose hydrogels (content of agarose
are 0.3%, 0.5%, 0.8%, 1.0%, 1.5%, and 2% (w/w), respectively).

3-Amino-propyltriethoxysilane (APTS) coated y-Fe,O; mag-
netic nanoparticles (y-Fe,O;@APTS MNPs) (average size 7.5
nm, average hydrodynamic size 82.9 nm, Supporting
Information Figure S1) were assembled on hydrogel to form
cell adhesive patterns. Although this assembly of nanoparticles
is mature to fabricate patterns on rigid substrates, such as
silicon, glass, etc., few researchers have used this technique to
pattern soft and high water content substrates. When this
technique was transplanted to a patterned surface with a high
fraction of water mass, the micropattern shed easily from the
hydrogel during cell culturing, which made the cells and cell
aggregates that first adhered to and migrated on the substrate
separate from it within a few days. In order to fix this problem,
an approach was used to immobilize the patterns: the surface of
agarose hydrogel was first aminated with the silane coupling
agent 3-amino-propyltriethoxysilane (APTS), and then the
amino groups of APTS were conjugated both on hydrogel and
7-Fe,O;@APTS MNPs by a biocompatible reagent, genipin,
which is an alternative to the cell-toxic glutaraldehyde (GA).

The morphologies of the fibrous and mesh-like y-Fe,O;@
APTS MNPs patterns were characterized through optical
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Figure 3. (A—D) Optical microscope images of y-Fe,O;@APTS MNPs assembled fibrous and mesh-like structure which were patterned under
magnetic field once (A and B) or twice (C and D). Scale bar in (A) and (C): SO um, (B) and (D) 20 um. (E, F) SEM images of the fibrous structure

on silicon wafer. Scale bar in (E), 20 yum, and (F), S um.

microscope, as presented in Figure 3A—D. Scanning electron
microscope (SEM) images are shown in Figure 3E,F. In Figure
3A,B, we can observe the formed patterns consisting of wider
fibers (indicated by blue arrows) or narrower fibers (indicated
by green arrows). The widths of the wider fibers are measured
as 526 + 191 um in Figure 3A (10 fibers marked by blue
arrows) and 4.58 + 0.67 um in Figure 3B (7 fibers marked by
blue arrows), which proves that the width of the line is about
1—10 pm. However, because of the relatively low resolution of
the microscope, SEM is also employed to characterize the
patterns which assembled on silicon wafers (Figure 3E,F). The
SEM images showed that fibers in the microscale consist of
densely arranged fibers in the hundred-nanometer scale, which
is similar to the ECM structure where a great number of
nanoscale collegen fibers self-assembled to microscale fibers.
Polystyrene magnetic nanobeads (PS MBs) (average hydro-
dynamic size 269.6 nm, see Supporting Information Figures S2
and 3S) were also assembled on hydrogel substrates, in order to
prove the versatility of our method in fabricating micropatterns
with nanomaterials of different size, magnetism, or composites.
By using PS MBs as building blocks, fiber-like patterns also
were formed on the agarose hydrogel surface (Figure 4A,B).
The width of the line in Figure 4D is 4.32 + 1.37 pm, which

proved that fibers assembled by PS MBs and y-Fe,O;@APTS
MNPs do not have significant differences. However, patterns
formed by PS MBs are of regularity higher than that of y-
Fe,O;@APTS MNPs patterns. This might be explained by the
following reasons: because the single PS MB (encapsulates
several Fe;O, MNPs in one PS MB) could be considered as an
aggregation of Fe;O, MNPs, it might be driven by magnetic
field more easily than a single magnetic nanoparticle. Thus, PS
MBs were more easily recruited as building blocks of
micropatterns. In fact, the matastability of the nanoparticle is
necessary for assembly. Therefore, the nanoparticles we used
are without stabilizing agents, and nanoparticle clusters are
formed in the suspension (hydrodynamic size 82.9 nm).
However, the random aggregation of MNPs leads to the well
dispersed single nanoparticle, small clusters, and relatively
bigger clusters that coexisted in suspension. Therefore, a
number of well dispersed y-Fe,O;@APTS MNPs remained
static or are less motivated to assemble.

The SEM images supported this inference. PS MBs
performed a complete assembly (Figure 4C,D), but -
Fe,O;@APTS MNPs were distributed throughout on silicon
wafer (Figure 3E,F), and the boundary of the fibers could not
be identified as clearly as PS MBs formed fibers. Meanwhile, the
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Figure 4. (A, B) optical microscope images of PS MBs assembled patterns. Scale bar in (A): 100 um. (B) Florescent image of patterns assembled by
FITC labeled PS MBs. Scale bar in (B): 25 ym. (C, D) SEM images of PS MBs patterns on silicon wafer. Scale bar in (C): 10 ym. Scale bar in (D): §

pm.

larger size and stronger magnetic dipolar—dipolar interaction
make PS MB assemblies more stable against disturbance during
the evaporating process. And the assembling process does not
change the superhydropilicity of the interface (0° of water
contact angle, see A3 and B3 in Supporting Information Figure
4S) although it slightly decreases the rate of spreading of the
water droplet (see A2 and B2 in Supporting Information Figure
4S). This might be due to a little interference of spreading of
water induced by the patterns rather than the change of the
hydrophilicity of the interface.

In order to more clearly characterize the topography of PS
MBs patterns, PS MBs were first absorbed with FITC labeled
bovine serum albumin (BSA), and then florescent images were
taken. After mixing PS MBs with FITC labeled bovine serum
albumin (BSA), the fibrous structures were clearly visualized
(Figure 4B), which proved that the amount of absorbed protein
on PS MBs was quite large. Therefore, we might predict that,
by absorbing ECM proteins from culture medium or cells
themselves, micropatterns consisting of PS MBs would
promote cell adhesion.

After the initial plating in 100 L of the culture medium for
30 min, most cells adhered to the patterned surface of the
hydrogel. Few cells dropped off when they underwent a gentle
shaking. A time-lapsed microscope was then used to observe
cells (see Supporting Information, S1 mov.). After culturing for
6 h (Figure SA), most cells were elongated and some had an
oriented elongation in a direction consistent with the patterns
(indicated by blue arrows). At 12 h in culture (Figure SB), the
number of cells that were elongated in a direction consistent
with the patterns (indicated by blue arrows) had increased.

Another ovarian cancer cell line, SKOV-3, cultured on patterns,
performed a similar elongation of cells when cultured for 24 h
(Figure 6A) and 48 h (Figure 6B). Supporting Information
Figure 5S showed the orientated spreading of osteoblasts
MC3T3 on y-Fe,O;@APTS MNP patterns on silicon wafer,
where the angles between the cells and fibers are about 9.7° +
0.2° after 24 h of culturing. We therefore can conclude that the
fabricated patterns on substrate thus had the capacity to orient
the spread of cells, which also means that y -Fe,O;@APTS
MNPs possessed the capacity to adhere to cells. Therefore,
these patterns formed on agarose hydrogel in a magnetostatic
field mimicked ECM not only from structures but also from
cell-adhesion function to a certain extent.

The video (Supporting Information S1 mov.) further
demonstrated that most cells had a tendency to migrate
along with fibrous patterns. These may be in agreement with
the possibility that the cell migration was partly guided by the
fabricated pattern. As reported in previous studies, some cancer
cell lines are able to form cell aggregates or multicellular
spheroids when they are placed in microenvironments with a
limited cell-matrix adhesion function, such as scaffolds
constructed by electrospinning or stimuli-responsive hydrogels,
which forced cells to contact each other and then increased
cell—cell interactions.””° In fact, the video also demonstrated
that some cells approached and even attached to each other to
form aggregates (indicated by blue arrows in Figure SC),
although not typical multicellular spheriods. This might be due
to, as mentioned above, that the cell-matrix interactions were
not limited sufficiently. Hence the patterned interface might
potentially be used to produce multicellular spheroids when
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Figure 5. Morphology, migration, and tendency of aggregation of OVCAR-S cells on micropatterned y-Fe,O;@APTS MNPs agarose hydrogels. (A
and B) Morphology of cells after culturing for 6 h and 12 h, respectively. Blue arrows point the oriented elongating of cells by micropatterns. (C)
Tendency of cell migrating to form aggregation after culturing for 24 h. Blue arrows point to the tendency of cells aggregation. Scale bar: 100 ym.

Figure 6. Morphology and oriented elongating of SKOV-3 cells on micropatterned y-Fe,O;@APTS MNPs agarose hydrogels after cultured for 24 h
(A) and 48 h (B), respectively. Blue arrows indicate the direction of micropatterns. Scale bar: 100 ym.

cell-matrix interactions were decreased. This could be achieved
by controlling the width of a single microscale fiber in patterns
and the spaces between the adjacent fibers, depending on the
quantity of assembled nanomaterials and the intensity of the
magnetic field.

Overall, to mimick tumor-associated ECM from fibrous
structures and cell-adhesive functions, we provided a novel
method to obtain mechanically tissue-like agarose hydrogel
substrate with microscale, cell-adhesive patterns on the
interface. Directed by a magnetostatic field, magnetic nanoma-
terials, such as y-Fe,O;@APTS MNPs or PS MBs, could be
assembled into either fibrous or mesh-like micropatterns. Both

of them were easily fabricated on soft and high water-content
agarose hydrogel, which avoided the use of masks or templates
for etching. In addition, the patterns not only promoted the
adhesion of cells and guided their migration but also showed
the potential to promote the aggregation of ovarian cancer cells.
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Time lapsed video of cell culturing, SEM images, and
hydrodynamic sizes of y-Fe,O;@APTS MNPs and PS MBs,
thermogravimetric analysis of PS MBs, water contact angles of
hydrogel before and after patterning, and SEM images of
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MC3T3 osteoblasts cultured on patterns. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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