
Hydrogels for 3D Cell Culture 5
Antonina Lavrentieva and Jane Spencer-Fry

Contents

5.1 Introduction: What Is a Hydrogel? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.2 Hydrogel Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.2.1 Structural Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.2.2 Origin of Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.2.3 Crosslinking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.2.4 Stimuli-Responsive Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.2.5 Molecular Charge and Reversibility of Crosslinking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.3 Physical Requirements for Cell Culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.4 Material Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.5 Gradient Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.6 Cell Analysis, Sample Recovery, and Downstream Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.7 Technologies into Which Hydrogels Can be Incorporated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.8 Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

A. Lavrentieva (*)
Institute of Technical Chemistry, Leibniz University of Hannover, Hannover, Germany
e-mail: Lavrentieva@iftc.uni-hannover.de

J. Spencer-Fry
Apollo Technology Partners Ltd., Pangbourne, UK
e-mail: jsf@apollotp.com

# Springer Nature Switzerland AG 2021
C. Kasper et al. (eds.), Basic Concepts on 3D Cell Culture, Learning Materials in
Biosciences,
https://doi.org/10.1007/978-3-030-66749-8_5

105

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66749-8_5&domain=pdf
mailto:Lavrentieva@iftc.uni-hannover.de
mailto:jsf@apollotp.com
https://doi.org/10.1007/978-3-030-66749-8_5#DOI


What You Will Learn in This Chapter
One of the fast growing 3D mammalian cell culture platforms are hydrogels—three-
dimensional, crosslinked networks of polymers. In this chapter we describe the
fundamentals of hydrogels and provide an overview of sources from which
hydrogels can be derived, such as animal, non-animal, synthetic, or combinations.
The physical/mechanical requirements of hydrogels are discussed in order that they
produce a physiologically relevant environment for 3D cell cultivation. We review
the characterization methods used for hydrogels and how this impacts application in
3D cell culture and regenerative medicine. Modification of hydrogels by crosslinking
affords them the property of tunability and degradation to recover cells for down-
stream analysis provides an opportunity to gather additional supportive data, these
areas are examined along with the physical properties needed for optimum use in cell
monitoring and analysis techniques. Creation of gradient hydrogels and
incorporation into microfluidic and organ-on-a-chip models opens the possibility to
recapitulate more closely the in vivo environment. We cover the areas in which
hydrogels are being applied to support 3D cell culture such as bioprinting and
bioprocessing and discuss the future potential of these versatile materials in taking
cell research from the bench to the clinic.

5.1 Introduction: What Is a Hydrogel?

Hydrogels are three-dimensional network structures permeable to oxygen and nutrients and
capable of taking on large amounts of water, which make them attractive for use in
biological applications. Presence of chemical or physical crosslinks and/or chain
entanglements typically prevents the hydrogel from dissolving, therefore retaining struc-
ture and stiffness. They can be manufactured synthetically or extracted from natural
sources, e.g. collagen, gelatin, alginate, and nanofibrillar cellulose. When used for 3D
cell culture the hydrogel properties can be adapted to match the specific use, important as
different body tissues have different physical and biochemical requirements. The inherent
and versatile properties of hydrogels have seen them used in many applications including
controlled drug delivery systems, biosensors, tissue engineering scaffolds, artificial organs,
wound healing bandages, physiological membranes, contact lenses, and microfluidic
valves.

In cell culture hydrogels were initially used to coat tissue culture vessels providing a
2.5D environment for adherent cell growth. With a drive to bridge the gap between in vitro
and in vivo conditions there has been a shift away from the 2D model toward 3D to create
more human relevant data. Hydrogels have been the natural choice for development of
these new 3D cell culture systems.
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5.2 Hydrogel Classification

There are different categories into which hydrogels can be classified: (1) structural com-
position (e.g., homopolymers, copolymers, or interpenetrating networks), (2) origin/source
of polymers (e.g., natural, semi-synthetic, or synthetic hydrogels), (3) crosslinking (e.g.,
photo, physically or chemically crosslinked hydrogels), (4) responsiveness to stimuli (e.g.,
temperature-responsiveness and pH-responsiveness), (5) molecular charge (cationic,
anionic, neutral, ampholytic), and (6) crosslinking reversibility (reversibly or irreversibly
crosslinked hydrogels) [1–3] (Fig. 5.1). Additionally, hydrogels can be classified according
to their design features (physical, biological, or mass-transport design features) [3].

5.2.1 Structural Composition

Classification by structural composition divides hydrogels into homopolymeric (derived
from the single monomer species), copolymeric (derived from two or more monomer
species), and multipolymeric (also called interpenetrating networks), derived from two
independent crosslinked polymers, where at least one of them being synthesized and/or
crosslinked within the immediate presence of the other and without any covalent bonds
between them [4].

Fig. 5.1 Variants of hydrogel classifications
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The most widely used homopolymeric hydrogels in 3D mammalian cell culture are
collagen [5], fibrin [6], and nanofibrillar cellulose [7]. Gelatin methacryloyl (GelMA) [8, 9]
and PEG-fibrinogen [10, 11] hydrogels are macromonomeric homopolymer hydrogels.
Copolymeric hydrogels suitable for 3D cell culture are represented by alginates [12],
hyaluronic acid and poly(N-isopropolyacrylamide) hydrogels [13], PEG-based copolymers
(PEGMEMA–MEO2MA–PEGDA) [14], and synthetic saccharide�peptide hydrogels
[15]. Some examples of multipolymeric hydrogels are networks of dextran and gelatin
[16], gelatin and silk fibroin [17], or alginate and reconstituted basement membrane matrix
hydrogels [18].

5.2.2 Origin of Polymers

Natural hydrogels are made of polysaccharides (alginate, agarose, glucan, hyaluronic acid,
nanocellulose, and chitosan) or proteins (collagen, albumin, fibrin, and silk proteins),
derived by extractions from biological sources. Collagen, fibrin, and hyaluronic acid are
natural constituents of the ECM, while alginate and agarose are derived from marine algae.
Another new natural source of hydrogels is nanofibrillar cellulose, which is extracted from
wood [19]. The major advantage of natural hydrogels is their biocompatibility and closest
proximity to the in vivo cell microenvironment. Animal ECM-derived hydrogels perfectly
support cell adhesion, while hydrogels of non-animal (non-human) origin are readily
available and avoid possible viral contamination. There are a few notable disadvantages
associated with animal derived hydrogels, such as batch-to-batch variation and lower
tunability [20].

Synthetic hydrogels include, for example, poly(ethylene glycol) (PEG), poly(acrylic
acid) (PAA), poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), poly(hydroxyethyl
methacrylate) (PHEMA), and poly(methacrylic acid) (PMMA) [20, 21]. Synthetic
structures of such hydrogels offer no biological information to cells, but can be easily
tuned according to the mechanical (viscoelastic) requirements and have high uniform
quality as well as defined structure [3, 22]. The choice of the hydrogel is dependent on
the experimental setup (i.e., required stiffness, optical properties, conductive properties),
material availability, and cost. There is no shortage of materials to evaluate for application
development, given the great variety of natural and synthetic hydrogels available for 3D
cell culture [23].

Semi-synthetic biohybrid hydrogels combine the best properties of both the
abovementioned hydrogels. The resulting hydrogels have highly defined technical (and
mechanical) properties and at the same time offer biological information to cells. Semi-
synthetic hydrogels are often produced in co-polymerization reactions between the poly-
mer precursor and the biological conjugate. Some examples of such combinations are
hydrogels which consist of PEG (which is inert to cells) modified with peptide sequences
(e.g., RGD) for cell adhesion [24] or PEG modified with fibrinogen [10]. Another example
of biohybrid hydrogels is GelMA—here, cell promoting gelatin is derivatized with
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methacrylamide and methacrylate groups, which provide the hydrogel with shape fidelity
and stability at physiological temperature [8].

5.2.3 Crosslinking

The crosslinks between individual polymer molecules maintain the entire 3D structure of
the hydrogel after swelling in water. For use in 3D cell culture (especially in the case of cell
encapsulation prior polymerization) not only the polymer material, but also crosslinking
reaction must be cell-friendly, which means that reaction conditions, substrates, and
products should not affect cell viability. One of the widely used strategies is crosslinking
with visible or UV light through photopolymerization of acrylate or methacrylate-modified
hydrogel polymers. Here, photo-initiator is used to create free radicals which attack the
vinyl groups of precursor molecules, resulting in covalent crosslinking of the hydrogel
within seconds or minutes upon irradiation [8, 25]. Some hydrogels can be crosslinked by
physical methods, such as ionic crosslinking of alginate [26], thermally induced gelation
[27], or self-assembling amphiphiles [28]. Hydrogels can be covalently crosslinked in
polymerization reactions (see also Chap. 5 “Biological, natural and synthetic 3D matri-
ces”), which involve gentle chemistries under physiological conditions (bio-orthogonal
chemistry). Hydrogels can be also crosslinked enzymatically. Here, transglutaminase is
widely used to crosslink peptide-functionalized hydrogel materials [29, 30].

Choosing the polymerization strategy of the hydrogel for use in 3D cell culture, the
researcher must also take into account the time of polymerization (gelation kinetics)—
some polymerization reactions are too fast to ensure an even cell distribution and some are
too slow, so that cells sediment to the bottom of the construct before complete
polymerization.

5.2.4 Stimuli-Responsive Hydrogels

Although 3D structure of hydrogels brings in vitro cell culture closer to the physiological
in vivo conditions, static materials cannot fully mimic the dynamicity of native microenvi-
ronment [31]. Stimuli-responsive hydrogels can change their physical and chemical
properties depending on the external stimuli, which makes them an important tool for
basic research and biomedical applications. Depending on the ability to react to these
stimuli, hydrogels can be divided into pH-responsive [32], temperature-responsive [33],
light/photo-responsive [34], and electric field-responsive hydrogels [35]. These hydrogels
can provide cells with irreversible or reversible spatiotemporal modulation of cues,
directing cell behavior [31].
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5.2.5 Molecular Charge and Reversibility of Crosslinking

Finally, hydrogels can be sorted by molecular charge and reversibility of crosslinking.
Bilayer phospholipid membranes of cells are negatively charged and positively charged
cationic hydrogels can facilitate cell attachment [36]. Anionic hydrogels have been shown
to induce formation of the bone mineral hydroxyapatite by the cells [37] and can be used as
a bone regeneration matrix [38].

Reversibility of crosslinking plays an important role in cell recovery and analysis. If
hydrogels are crosslinked chemically the junction points are usually permanent covalent
bonds [39]. If such hydrogels cannot be degraded by the cells, it limits cell spreading and
migration. Hydrogels crosslinked physically are usually reversible. So, alginates, for
example, can be easily dissociated by calcium chelators (e.g., EDTA and sodium citrate).

5.3 Physical Requirements for Cell Culture

The extracellular matrix (ECM) surrounds most cells in tissues of complex organisms,
protecting them from stress and regulating cellular functions such as spreading, migration,
proliferation, and stem cell differentiation. Stiffness of the ECM is considered to have
implications for development, differentiation, disease, and regeneration [40].

In Fig. 5.2 the relationship between ECM stiffness and cell type is depicted. There is a
large variation in the in vivo ECM environment with neural cells at the softer end and
cartilage and bone cells at the stiffer end of the range. Studies have shown that by adjusting
the stiffness of the matrix rather than making changes just to the biochemical environment
(i.e., use of growth factors or defined media) then directed differentiation can be achieved.
Matching the stiffness of the hydrogel to the tissue is of interest particularly when targeting
MSC fates, since MSCs (and numerous other cell types) can convert external mechanical
clues to intracellular biochemical signals. This ability to sense mechanical microenviron-
ment called mechanosensing is described in several studies and reviews [41, 42]. Those
MSCs cultured in lower stiffness hydrogel (2 kPa) show a tendency to differentiate toward
cells expressing neural markers; those cultured in hydrogel with a kPa of 10 formed
myocytes and those cultured on rigid substrates (40 kPa) become osteoblasts [43].

101 102 104

Elastic Modulus (Pa)

105 108 109

Fig. 5.2 Illustration of ECM
stiffness (elastic modulus)
versus cell type
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There are many examples of studies where matrix stiffness has been shown to play a role
in cell development, migration or differentiation, for example, neural cells, MSC differen-
tiation, muscle cells, breast cancer cells, and bone [43–47].

Anchorage-dependent cells are highly responsive to hydrogel properties (stiffness and
pore structure) and encapsulated cells demonstrate higher spreading in low stiffness
hydrogels and no spreading by high stiffness [8, 48, 49]. So, MSCs show good spreading
already starting on day 1 after encapsulation in Gelatin-Methacryloyl (GelMA) hydrogel
with a low degree of functionalization (final stiffness 24 Pa) and no spreading in the same
hydrogel with stiffness of 1537 Pa (Fig. 5.3 and supplementary Video 1).

It should be noted that if the pore size within the hydrogel is too small or the hydrogel
cannot be proteolytically degraded by the cells, anchorage-dependent cells will not survive
long. In addition, stability of the hydrogel is of importance as the matrix needs to be able to
withstand standard cell culture operations, such as transfer to and from the microscope and
media change without loss or degradation for the duration of the experiment. Ideally the
best case would be a slowly biodegradable hydrogel which can be replaced by de novo
formed ECM.

Fig. 5.3 Microscopic analysis of hAD-MSCs and HUVECs co-culture after 3 days of cultivation in
GelMA hydrogels with stiffness of 24 Pa and 1537 Pa: (a) Confocal microscopy pictures (green—
hAD-MSCs, red—HUVECs), (b) microphotographs, (c) screenshot of time-lapse, and (d) QR code
for time-lapse video of hAD-MSCs spreading

5 Hydrogels for 3D Cell Culture 111



5.4 Material Characterization

Precise control of hydrogel properties belongs to the essential routines of hydrogel-based
3D cell culture. As already mentioned, most cells are sensitive to the mechanical microen-
vironment and knowledge as well as control of the mechanical properties of a hydrogel,
like stiffness or viscoelasticity, plays a crucial role in the establishment of desired cultiva-
tion conditions. Hydrogel mechanical properties and polymerization dynamics (gelation)
can be characterized using rheology [3]. Using only relatively small sample volumes
(100–1000 μL), modern rheometers can quickly and sensitively measure the mechanical
properties of hydrogels. The hydrogel is placed between parallel plates (alternatively cone-
plate or concentric cylinders) and torsional oscillation generates shear flow in the sample
(Fig. 5.4). Protocols for the rheological characterization of hydrogels and different sweep
experiments are well-established and described [50]. Time sweep experiments determine
the gelation time of hydrogels, strain sweep experiments measure the linear viscoelastic
region of the hydrogel in dependency to the applied strain. Frequency sweep experiments
determine the linear modulus plateau of the hydrogel. Rheometers are available from
various manufacturers (Anton Paar, TA Instruments, Malvern or Thermo Fisher). Typical
equipment for hydrogel characterization is a rotational- and oscillatory rheometer with

Fig. 5.4 Rheological characterization of hydrogels: (a) rheometer, (b) a time-sweep experiment of a
photo-crosslinkable hydrogel, showing storage modulus curves resulting from different illumination
times, and (c) measurement of the polymerization of photosensitive hydrogels in a parallel plate
system
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parallel plate geometry, Peltier-element (for precise temperature settings), and a UV-curing
system (for UV photo-crosslinkable hydrogels). Precise temperature settings are crucial for
characterization of hydrogels with crosslinking via temperature transition or enzymatic
crosslinking [51]. Temperature transition, enzymatic or photo-crosslinking reactions trig-
ger the hydrogel development from its original liquid state to its fully polymerized state
(sol-gel transition). Major viscoelastic properties of hydrogels are the storage modulus
(G’), which measures the stiffness, and the loss modulus (G”), reflecting the hydrogel
viscosity [52]. Taken together, G’ and G” represent the shear modulus G of a hydrogel,
according to Eq. (5.1):

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

G0ð Þ2 þ G00ð Þ2
q

ð5:1Þ

Another important characteristic of hydrogels is their swelling behavior. Hydrogel
swelling characteristics influence the materials’ mechanical properties, shape fidelity and
diffusion of nutrients, and depend on crosslinking density, hydrophilicity of the polymer,
and interactions with medium or other solvent [53]. For determination of swelling, the
polymerized sample is placed into solvent/medium for 24 h until equilibrium, weighed,
freeze-dried, and re-weighed again. The mass-swelling ratio is calculated as the ratio of
swollen hydrogel mass to the mass of dry material [54]. The swelling degree of hydrogels is
usually inversely proportional to the hydrogel concentration and degree of crosslinking—
the higher the crosslinking, the lower the swelling.

Structural characteristics of hydrogels can be evaluated by several techniques: scan-
ning electron microscopy (SEM), cryosectioning, or confocal microscopy of fluorescently
stained hydrogels. SEM micrographs of the three-dimensional polymer network and the
pores of hydrogels provide information about morphological structure and pore architec-
ture—here the effect of modifications can be estimated on the hydrogel pores [55]. For
SEM, hydrogels are usually first swollen, then frozen in liquid nitrogen, freeze-dried, and
sputtered with gold prior to the observation. For cryosectioning, hydrogels are frozen in the
optimal cutting temperature compound (Tissue-Tek®) and sections are prepared and
collected on slides using cryostat [56]. Additionally, atomic force microscopy (AFM) is
used for high-resolution characterization of hydrogel topography, as well as for probing the
elastic modulus (elastic moduli map), disclosing the surface roughness and stiffness of the
hydrogel constructs [57].

5.5 Gradient Hydrogels

Oxford dictionary defines gradients as “an increase or decrease in the magnitude of a
property (e.g., temperature, pressure, or concentration) observed in passing from one point
or moment to another” (https://www.lexico.com/definition/gradient). In vivo, gradients are
the essential part of all living organisms, beginning already in the early embryogenesis as
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the gradient distribution of the transcriptional factors. In all multicellular organisms
(or colonies of unicellular organisms) gradients of different nature and temporal resolution
can be found. Gradients can be stable or transitional, physiological or pathological. By the
nature, gradients can be classified as physical, chemical, and biological (Fig. 5.5). Stable
physiological mechanical gradients can be found in different tissues like cartilage,
ligaments, tendon, bone, and tooth [58–60]. Stable chemical physiological gradients
(oxygen concentrations, pH gradient as a result of catabolite distribution) go along the
increasing distances from blood vessels [61]. Stable pathological gradients (chemical,
physical, and biological) can be found in tumors, where fast growing cellular mass breaks
tissue homeostasis [62, 63]. Transitional physiological gradients direct embryonic devel-
opment, growth of blood vessels, and tissues [64–66]. Transitional pathological gradients
are present in wounds, scars, during mineralization of the artery walls or fibrogenesis in
kidney [59, 67, 68].

Cellular fate is strongly influenced by the composition of the tissue microenvironment
and most cell types sense physical, chemical, and biological characteristics of their external
microenvironment and convert them to intracellular biochemical signals. The influence of
different microenvironmental signals, alone or in combination with each other, can be
studied in hydrogel-based 3D cultivation systems. The above discussed tunable properties
of hydrogels allow not only creation of desired in situ mechanical, biological, and

In vivo gradients

physiological pathological

stable

transi�onal

physical/mechanical: 
car�lage, ligaments, tendon, 
bone and tooth 

chemical: oxygen, pH along 
growing distances from 
blood vessels

physical/mechanical: tumors, 
scars, mineraliza�on

chemical: oxygen, pH in 
tumors

biological: transcrip�on 
factors, growth factors

physical: electric field in 
wounds

biological: necro�c growth 
factors in wounds

physical: cellular adhesion 
sites

Fig. 5.5 Examples of in vivo gradients
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architectural microenvironments, but also give the opportunities to create gradients inside
of the bulk hydrogel constructs. Fabrication of gradients in hydrogels (1) enables the
recapitulation of in vivo gradients and (2) can help to find an optimal niche for different
cell types and co-cultures [69]. Similarly to the in vivo gradients, gradient hydrogels can be
divided into three major groups: physical (mechanical properties of material), biological
(bioactive molecules incorporation), and chemical (material composition) gradient
hydrogels (Fig. 5.6) [69, 70]. Gradients in hydrogels can be continuous or stepped. By
profiles gradients are divided into linear, radial, exponential, or sigmoidal [70].

There are many different methods to create gradient hydrogels, some of them are
presented in Fig. 5.7. Mechanical (hydrogel stiffness and pore architecture) gradients can
be created by two main strategies: (1) variation of crosslinker concentration in the
pre-polymer solution and (2) variation of polymerization intensity. Variation of crosslinker
concentration can be made by dynamic mixing with the help of two-syringe pump system

Hydrogel 1
Hydrogel 2

A

B C

UV

D

Fig. 5.7 Selected examples of gradient hydrogel production: (a) dynamic mixing of two precursors
with, e.g., two-syringe system, (b) microfluidic tree mixer, (c) limited mixing in the Hele-Shaw cell
device, and (d) sliding mask technique

Gradient hydrogels

Mechanical properties
–pore structure
–stiffness
–topography

Composition:
–blending of two polymers
–Increasing concentration 
of prepolymer

Bioactive molecules:
–signaling molecules (proteins,  
transcription factors, etc.)
–adhesion proteins

Fig. 5.6 Types of gradient hydrogels
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[49, 71, 72], microfluidic techniques [73–76], or limited mixing in the Hele-Shaw cell
device [77] (Fig. 5.7). Variation of polymerization can be created (in the case of
photopolymerized hydrogels) by the use of sliding mask [78] or photolithographic
patterning [79].

Most of the abovementioned techniques can be also used to create biological and
chemical gradients [69]. So, e.g., differentiation factors such as bone morphogenic protein
2 (BMP-2) and transforming growth factor ß1 (TGF-ß1), incorporated in heparin-alginate
hydrogels in opposite directions (Fig. 5.3a) led to higher osteogenic differentiation of
mesenchymal stem cells along increasing BPM-2 and higher chondrogenic differentiation
in the direction of the TGF-ß1 concentration growth [72]. Such biological gradient
hydrogels were also engineered for in vitro disease model application, like gradients of
epidermal growth factor to study of tumor cell intravasation [80]. Moreover, new methods
to fabricate hydrogels with combined multiple gradients of different natures were reported
[81]. Using these combinatory gradients, complex disease models can be created and better
functioning tissue engineered constructs can be produced.

5.6 Cell Analysis, Sample Recovery, and Downstream Analysis

Different analytical techniques may be performed directly on the in vitro 3D disease model
or TE construct such as cell morphology, cell viability, differentiation or expression
biomarkers using methods such as phase contrast, fluorescence, or confocal microscopy
[82]. However, this non-invasive monitoring often does not provide the complete picture
and supplemental data obtained from RNA isolation, protein extraction, single cell isola-
tion and following analysis by, e.g., Western blot, flow cytometry, and qPCR among other
downstream applications may be required to support experimental findings and hypothesis.
Moreover, recovery of spheroids, organoids, or tissue explants followed by staining and
sectioning can reveal detailed information on cell structure, morphology, and organization,
which can be invaluable when attempting to replicate in vivo tumor structure for the
development of disease models, new drugs and/or treatment regimes. Downstream
techniques require cells, spheroid, organoid, or tissue explants to be recovered quickly,
easily, and intact with no residual matrix present that may interfere with the process and
data ultimately generated.

The sample recovery technique employed will depend on the type of hydrogel used for
the culture and can range from depolymerization, enzymatic digestion (e.g., collagenase,
trypsin, dispase, or cellulase), and mechanical processes, or a combination used in parallel
which is often the case.

Recovery of cells grown on animal derived matrices such as collagen, gelatin, and
basement matrix is most often achieved by the use of enzymatic digestion and mechanical
agitation. For example, recovery from Matrigel® can be performed by use of proteases that
depolymerize the matrix within a few hours on ice using gentle agitation via a flatbed
shaker. The sample is then washed several times with PBS and cells pelleted. Alternatively,
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dispase, a metalloenzyme which gently releases cells, can be used in combination with
mechanical agitation. Protocols for recovery of cells from collagen recommend use of a
collagenase/dispase solution where the sample is pipetted up and down to break up the gel
completely, followed by addition of an EDTA/EGTA-containing solution to quench the
reaction. Care should be taken to ensure the correct type of collagenase is used as this may
impact cell viability should further culture of recovered cells be required.

Hyaluronic acid (HA) hydrogel from thiol-modified HA can be returned to solution
phase by addition of dithiothreitol as demonstrated with L-929 murine fibroblasts [83].

Protocols for PEG-based hydrogels employ an enzyme α-chymotrypsin to release
spheroids from the matrix in combination with mechanical shaking [84]. Block copolymers
based on disulfide-containing polyethylene glycol diacrylate crosslinkers have been shown
to be dissociated using the thiol–disulfide exchange reaction in the presence of N-acetyl-
cysteine or glutathione, this dissolves the hydrogel network and cells recovered by centri-
fugation [85]. Examples of cells recovered in this manner include murine NIH 3T3
fibroblasts, human HepG2 C3A hepatocytes, human bone marrow-derived mesenchymal
stem cells (MSCs), and human umbilical vein endothelial cells (HUVECs).

When recovering cells from a natural non-animal product such as nanocellulose,
cellulase enzymes may be used to digest the cellulose fibers [86]. These enzymes break
the cellulose fibers into glucose molecules removing the hydrogel structure to form a
solution. The digestion can be done in situ without mechanical agitation, which is an
advantage when trying to preserve cell structures for sectioning. Ionic alginate hydrogels
require the addition of chelating agents (e.g., EDTA and sodium citrate) to reverse the
crosslinking and release the encapsulated cells [87].

5.7 Technologies into Which Hydrogels Can be Incorporated

All of the hydrogel properties described above make them useful tools in a wide variety of
applications. In 3D cell culture and regenerative medicine hydrogels are widely used as
bioinks in bioprinting (Chap. 11). Here, cells resuspended in unpolymerized hydrogels are
printed in 3D structures, which allow precise control of the 3D construct geometry and
spatial cell distribution. Hydrogel polymerization, if required for stabilization of the
construct, takes place during or directly after printing. Another frequently used application
of hydrogels is their implementation into microfluidic systems and organ-on-chips
(Chap. 10). The use of hydrogels in microfluidic chips helps to better recapitulate the
in vivo microenvironment providing cells with ECM-like surrounding. On the other hand,
microfluidic allows creation of spatiotemporal gradients of bioactive molecules, nutrients,
and oxygen in hydrogels in a very small scale [88]. Moreover, microfluidic systems can be
created directly from hydrogels [89]. Hydrogels can also be used for expansion of various
cell types in stirred tank reactors—here cells can be encapsulated in hydrogel beads or can
grow on the surface of hydrogel microcarriers [90, 91]. Recently, hydrogels were used to
enable 3D isolation of MSCs, resulting in cell material never exposed to plastic adherence
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in a 2D environment [92]. In the clinic, besides tissue and organ reconstruction by tissue
engineering, injectable hydrogels are used to protect and support cells for delivery to
treatment sites. Injectable hydrogels can be, for example, used for restoring the lost
functions of nervous system as drug, liposome and cell delivery systems [93] or wound
dressing for skin wounds [94].

5.8 Future Perspectives

The need for more biologically relevant disease models to bridge the gap between in vitro
and in vivo conditions has resulted in significant advances being made in the area of 3D cell
culture. Hydrogels have been shown to offer great potential in the development of 3D
models due to their properties such as high water retention, oxygen and nutrient diffusion
and tunability.

The first use of hydrogels for cell culture was reported by Ehrmann and Gey, who in
1956 reconstituted rat tail collagen and used it as substrate for cell growth [95]. Nowadays,
hydrogels are used by the scientific community for modeling physiological and pathologi-
cal tissues, for advanced drug screening and in tissue engineering. In 3D cell culture, the
rapidly developing field of 3D bioprinting requires further development of cell promoting,
but mechanically stable hydrogels with optimal gelation dynamics, high biocompatibility,
and possible biodegradability.

Traditionally animal derived hydrogels have been used but more recently new synthetic,
semi-synthetic, and bio-based hydrogels, such as those manufactured from peptides and
wood, offer realistic alternatives. When following the journey from cell research in the
laboratory to cell therapy at the clinic, it is not possible to utilize a material with animal
components. Bio-based, semi-synthetic, and synthetic products offer a clear advantage
here, in addition to providing more reproducible manufacturing. Hydrogels produced from
recombinant animal proteins also have more potential for clinical applications than ones of
animal origin or ones derived from human blood material.

Hydrogels are not limited to plate-based 3D cell culture but have application in organ-
on-a-chip models, microfluidic devices, in drug delivery and 3D bioprinting for tissue
engineering and regenerative medicine. In all of these applications the ability to support
cell health and viability whilst retaining cell morphology and function is paramount.
Hydrogels are capable of fulfilling all of these requirements and indeed offer an exciting
way forward to bridge the in vitro/in vivo gap and take cell research from the bench to
therapy in the clinic.
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Take-Home Messages
• Hydrogels are 3D network structures able to imbibe large amounts of water.
• Hydrogels can be isolated from natural animal and non-animal sources,

synthesized or a combination of natural and synthetized molecules.
• Unpolymerized hydrogels are liquid and by polymerization become solid (sol-gel

transition).
• Hydrogel classification is based on structural composition, origin/source of

polymers, responsiveness to stimuli, molecular charge, and crosslinking
reversibility.

• Stiffness of the hydrogel plays a role in determining cell behavior and fate and can
be adjusted via crosslinking or changing concentration.

• Tunable properties of hydrogels allow creation of various physical/mechanical
in vitro microenvironments.

• Hydrogel properties can be characterized by rheology, SEM, confocal micros-
copy, and AFM.

• Hydrogels can be used to create in vitro gradients.
• Easy removal of the hydrogel is required for cell recovery and downstream

analysis but should not damage or affect cell viability.
• Hydrogels are used in standard 3D cell culture, bioprinting, microfluidic devices,

organ-on-a-chip models and as carrier material in bioreactors for cell expansion.
• They offer a way to bridge the gap between research and the clinic having use in

cell therapy and tissue engineering.
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