Chapter 13

Hydrogel-Based Biomimetic Environment
for In Vitro Cell and Tissue Manipulation
Takuya Matsumoto

Abstract A biomimetic environment fabricated with synthetic material would be
an effective tool for reproducing the tissue-developmental process and even for
achieving tissue engineering in vitro. A hydrogel material is one candidate for this
tool, because a hydrogel normally shows harmless properties in regard to cells and
tissue, and it can be tuned chemically and physically to obtain the desired form.
Accordingly, fibrin gel was utilized to reproduce the 3D cellular orientations found
in muscle tissue, fabricate tendon-like mineralized tissue, and regulate vascular
formation. In this context, cell and tissue manipulations within the gel were led by
in vitro physical and chemical stimulations. In this chapter, the approach used for
manipulating cells and tissues using the designed hydrogel is discussed.
Keywords Biomimetic environment • Cell manipulation • Hydrogel • In vitro
tissue engineering

13.1

Introduction

Thanks to recent advances in cell and molecular biology, researchers have gradually
started to understand how molecules are concerned with the expression of cellular
functions. They have also started to understand how the surrounding molecules
guide cellular behavior. Engineers and chemists have also started to participate in
this in-vitro cellular guidance, develop methods for so-called “in-vitro cellular
guidance,” since they can design and construct an environment that is suitable for
manipulating cell functions. For example, Chen et al. used a microprinting system
that can control the cell-adhesion shape by applying the patterned coating of
fibronectin on two-dimensional tissue-culture substrates. They indicated that the
mesenchymal stem cells (MSCs) shape regulates the switch in lineage commitment
by modulating endogenous RhoA activity. Expressing dominant-negative RhoA
committed MSCs to become adipocytes, while constitutively active RhoA caused
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osteogenesis [1]. Discher and Mooney indicated that hydrogel with different
mechanical stiffnesses regulate cell proliferation, cell differentiation, and even the
uptakes of non-viral vectors [2–4]. Since the environment surrounding a cell can be
easily tuned by materials and devices according to our favorable design, a newly
developed research methodology (integrative biology) is now recognized as a
newcomer to find something new that cannot be found by conventional biological
methods [5, 6]. Here, we consider that reproducing the tissue-development process
in vitro is investigated as a robust tool for understanding cellular behavior in the
tissue-developmental stage so that in vitro tissue engineering becomes possible.

13.2

Cell and Matrix Patterning Using Hydrogel
with Static Mechanical Stimulation

Specific cellular and matrix patterning can be found in biological tissue development and growth. For example, skeletal muscle tissue consists of cells aligned
parallel to the long axis of the muscle tissue. Osteoblasts adhered to the surface of
bone matrix align in a similar direction to the bone-tissue growth direction in
longitudinal bone. Reproduction of parallel cell alignment in three-dimensional
(3D) matrices is thus one of the interesting targets for in-vitro tissue engineering.
Hydrogel contains more than 80 % water, which is crucial for exchange of nutrition
between cells and has similar mechanical properties to those of biological tissue.
Fibrin, which is formed by mixing fibrinogen and thrombin purified from peripheral
blood, is found in wound-healing regions. Not only is it used therapeutically as
surgical glue but fibrin has also been investigated for its use as a biocompatible and
biodegradable material in biomedical-engineering applications (e.g., drug delivery
systems [7–9] and tissue engineering [10–12]). Fibrin gels, which are comprised of
hydrophilic cross-linked fibrils, are considered suitable for 3D cell culture. To
obtain 3D matrices having uniformly aligned fibrin fibers, surgical sutures fabricated from poly (lactic-co-glycolic acid) (PLGA) were used to tether the fibrin gels.
Each fibrin gel was formed in a cylindrical silicone mold (length: 10 mm, diameter:
6 mm) with sutures inserted at both ends. The sutures were then clamped to a
custom-made device for generating continuous tensile strain (up to 200 %)
(Fig. 13.1a). The suture material possessed a highly rough texture due to its
woven structure, and it firmly attached to the fibrin matrices. Scanning electron
microscopy (SEM) images indicated that bundle-like structures were formed in the
strained gels; this structure comprised fibrin fibrils that were oriented parallel to the
strain direction (Fig. 13.1b, c). Highly magnified SEM images indicated that the
fibril alignment in the bundle-like structure depend on the amount of strain applied.
The fibrils were torn at the border of each bundle, suggesting that the displacement
of each set of fibrils in the strain direction facilitated the formation of bundle-like
structures in the fibrin gel. The cross-section of the generated bundle-like structures
exhibited a polygonal shape, not a complete circular shape, which is similar to the
cross-section of natural skeletal muscle tissue. The estimated diameter of each
bundle-like structure decreased with increasing strain [13].
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Fig. 13.1 (a) Custom made device fabricated for tethering the strained fibrin gel. (b) The
representative SEM image of microstructure of fibrin gel without strain (Bar: 1 μm).
(c) The representative SEM image of strained fibrin gel (Bar: 5 μm). (d) The direction of cell
proliferation was also identical with strain direction of hydrogel (Bar: 100 μm). (e) Threedimensionally aligned cell groups formed in the strained fibrin gel (Green; actin, Blue; nucleus)
(Bar: 400 μm). (f) Three- dimensionally aligned cell groups formed in the strained fibrin gel
(Hematoxylin–Eosin staining) (Bar: 200 μm). (g) SEM images of aligned cells in the strained
fibrin gel (Bar: 100 μm)

13.3

Three-Dimensional Patterning of Mineralized
Cell Groups in Hydrogel

The cell dynamics within the strained fibrin gel were investigated. The fibrinogen
solution containing myoblast (C2C12) was used to form a gel, which was continuously subjected to 25 % strain. The cells in the fibrin gel display a specific
alignment, that is, parallel to the strain direction. Interestingly, the direction of
cell proliferation was identical to that of cell alignment (Fig. 13.1d). A single
seeded cell therefore divided multiple times, and the oriented cells subsequently
formed linear groups aligned parallel to the strain direction (Fig. 13.1e, f), in a
similar manner to the cellular organization found in a longitudinal section of native
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skeletal muscle tissue. It is assumed that the positions of the cells in the fibrin gel
are restricted to the spaces between the fibrin bundles such that they align and
proliferate parallel to the strain direction. This assumption is supported by a typical
SEM image (Fig. 13.1g), which shows cells positioned in the spaces between the
bundle-like structures of the fibrin gel.
In light of the above-described results, bone-marrow stromal cells (BMSCs) we
used instead of myoblasts to fabricate the aligned mineralized tissue. In a similar
manner to the cells in the above-described myoblast study, the cells in the strained
gel displayed a specific alignment, namely, parallel to the strain direction in the
gel. The direction of cell proliferation was identical to that of cell alignment.
Consequently, the oriented cells formed a number of linear cell groups aligned
parallel to the strain direction in the strained gel. In the strained fibrin gel, type-I
collagen deposition showed a specific orientation, namely, parallel to the strain
direction (Fig. 13.2a, b). The merged images with nuclear-stained cells in the
figure indicate that the matrix was deposited in identical positions to the cell
positions in the gel. When BMSCs were cultured in an osteogenic differentiation
medium, mineralization derived from the cells was observed in the fibrin gel.
Similar to the matrix deposition, mineral deposition was localized according to the
cell position and showed a specific alignment in the strained gel. X-ray-diffraction
(XRD) peak profiles revealed that the obtained mineral in the fibrin gel was
hydroxyapatite (HAp) (Fig. 13.2c). Additionally, a specific orientation of the
HAp crystals (namely, parallel to the strain direction) was confirmed from the
relative intensity of the (002) to (211) planes in the XRD profiles (Fig. 13.2c).
SEM images indicate that compared to those in the control gel, the mineralized
matrix vesicles were concatenated serially parallel to the strain direction in the
strained gel (Fig. 13.2d). EDS analysis revealed that the mineralized matrix
vesicles contain both calcium and phosphorus. The concentrations of phosphorus
in the mineralized vesicle regions are much higher than those of calcium in
that region.
To investigate the alternations of cellular functions in strained fibrin gel, the
cells were cultured in gels with different strain rates. At day eight, the gel subjected
to a higher strain rate had enhanced cell proliferation compared to the gel subjected
to a lower strain rate. The mRNA expressions of Opn and Oc, namely, osteogenic
differentiation markers, were investigated at day four. Both Opn and Oc expressions decreased with the increasing strain rate from up to 50 %. These results
suggest that cell functions in the strained fibrin gel are regulated by the alteration of
strain rate. To confirm this suggestion, cell-derived mineralization in the gel
(subjected to varied strain rate during the culture period) was investigated. Mineralization caused by cell differentiation was detected only in the sample that was
subjected to strain rate decreased from 50 to 0 % at day 21 (III). In contrast, mineral
deposition was not detected in the gel that was subjected to strain rate reduced from
50 to 0 % at day 28 (II) or in the gel that was subjected to 50 % strain maintained for
50 days (I) (Fig. 13.2e) [14].
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Fig. 13.2 (a) SEM images of bundle-like structure formed in the strained fibrin gel (Bar: 20 μm).
(b) Aligned cell groups and precipitated type I collagen according to the cell group presence (Bar:
250 μm). (c) X-ray diffraction analysis of precipitated minerals within the strained fibrin gel.
(d) Connected minerals on aligned cells and fibers (Bar: 10 μm). (e) Mineralized area in strained
fibrin gel cultured with different strain conditions. (I) 50 % strain for 50 days, (II) 50 % strain for
28 days reduced to 0 % strain for another 22 days, and (III) 50 % strain for 21 days reduced to 0 %
strain for another 29 days (*: p < 0.05)

13.4

Microvessel Patterning Using Fibrin Gel
with Dynamic Mechanical Stimulation

By here, the cells were cultured in the strained condition; however, the strain was
static and continuous. A device for applying dynamic strain against to cells in 3D
hydrogel was also designed. The device was used to investigate the formation of
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Fig. 13.3 (a) Original device for applying mechanical strain to cells in the 3D gel. (b) Chamber
for cell culture in 3D gel with strained condition. (c) Newly formed sprouts with well defined
lumens elongated perpendicular to the strain direction when subjected to cyclic strain
(Bar: 100 μm). (d) Cells in static culture sprouted in all directions equally (Bar: 100 μm)

vascular tissue under cyclic mechanical stimulations. Dextran beads coated with
human umbilical endothelial cells (HUVECs) were embedded in fibrin gels within a
custom 3D chamber and subjected to cyclic strain (Fig. 13.3a, b). HUVECs on the
beads started to invade the gels in a direction perpendicular to the strain direction
and formed sprout-like structures within 5 days (Fig. 13.3c). Each bead formed only
one or two of these structures, and they were aligned in a direction predominantly
perpendicular to the direction of strain application. There were no branches in these
structures formed in the strained condition. In contrast, single cells migrated,
proliferated, and formed multiple sprouts per bead in the static condition. These
sprouts had no consistent orientation, and the sprouts formed in this condition were
branched (Fig. 13.3d). Structures formed in the presence of cyclic strain were also
significantly thicker than those formed in the static condition. The structures formed
under cyclic strain contained wall cells with nuclei located toward the some
alternatives lumens, but the lumens also contain aligned cells. These cells were
likely proliferated inside the structures, while the wall cells migrated and proliferated to form the structures [15].
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Conclusion

As mentioned here, the hydrogel system can be physically tuned by applying
mechanics. The cultured cells used in the physical stimulations show different
behavior according to the surrounding architectures or stimulation conditions.
Conventionally, the cell behavior was regulated only to confirm the effect of
soluble factors that were newly-cloned. However, recent studies aiming to modulate cells and tissue to fabricate cell-based functional materials, or even to achieve
biological tissue synthesis in vitro, have been performed [16–21]. In the present
study, as well as chemical stimulation, physical stimulation is also considered as a
promising candidate to modulate cell and tissue functions. Moreover, the trials on
these cell and tissue manipulations would be valuable to help understanding of the
biological unknown during the tissue-developmental process.
Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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