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Hydrogel-based artificial scaffolds play a vital role in shifting in vitromodels from two-dimensional (2D) cell

culture to three-dimensional (3D) cell culture. Microfluidic 3D cell culture systems with a hydrogel matrix

encourage biomedical researchers to replace in vivo models with 3D in vitro models with a cellular

microenvironment that resembles physiological conditions with greater fidelity. Hydrogels can be

designed as an artificial extracellular matrix scaffold for providing spatial orientation and promoting

cellular interactions with surroundings. Selecting the appropriate hydrogels and their fabrication

techniques are the key to mimic the in vivo mechanical environment. Moreover, combining

a microfluidic technique with a hydrogel-based 3D cell culture system can create a complex and

controlled microenvironment for the cells by placing small biosamples inside the microchannel. This

paper provides an overview of the structural similarities of the hydrogels as an extracellular matrix (ECM),

their classification and fabrication techniques as an ECM, and their use in microfluidic 3D cell culture

systems. Finally, the paper presents the current challenges and future perspectives of using hydrogel

scaffolds in microfluidic 3D cell culture systems.
1. Introduction

The cellular microenvironment plays a vital role in substantial
cellular morphology and the activation of a wide range of factors
for regulating cell growth, proliferation, and migration. The
extracellular matrix (ECM) is the non-cellular structural support
of the cell, which provides the spatial orientation and tissue-
specic biochemical and biophysical modulation for cellular
functions such as morphogenesis and homeostasis.1 In
conventional two-dimensional (2D) cell culture systems, cells
are grown on at Petri dishes, asks, or tubes where only the
nutrition medium provides for the cell growth. Cells mostly
grow as a monolayer on the surface and these attened cells
could receive cell signals only at their ventral surface, which
might alter the responses of different cellular functions.2

Moreover, lack of cell–cell and cell–extracellular matrix inter-
actions can also change the cellular morphology, develop
abnormal polarization, deviate phenotypic expression, and/or
genotypic features.3
nd Nanotechnology, The University of
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Shiing from 2D cell culture to three-dimensional (3D) cell
culture lays a foundation for advancing biomedical research. In
a 3D cell culture, an articial cellular microenvironment is
created as a biological scaffold to provide mechanical support
for cell growth by promoting cellular interactions with the
surroundings. Inventing the appropriate culture conditions
might allow the researchers to have a better understating of cell
biology.3 Human glioblastoma cells were grown in a 3D collagen
scaffold to develop an in vitro drug screening platform.4 This
study compared the cellular morphology and biochemical
expression between the 3D scaffold cell culture and the
conventional 2D culture on dishes. Cells grown in 3D scaffold
showed more in vivo like proliferation, better cell–cell and cell–
matrix interaction, greater degree of dedifferentiation and
quiescence in contrast to 2D culture. In addition, glioma cells in
3D scaffold exhibited enhance chemotherapeutic resistance
and expression of O6-methylguanine DNA methyltransferase
(MGMT) compared to the cells grew in 2D culture.

To date, different biomaterials such as patterned glass
substrates, elastomeric lms, hydroxyapatite ceramics, hydro-
gels, and brillar foams are employed as the alternative of
physical scaffold for cells. These materials create the
complexity, mechanical support, composition, and structural
orientation similar to the native tissue during the in vitro cell
culture process.5 Among these materials, biocompatible
hydrogels have gained popularity because of their cross-
linkable, highly hydrated porous network for the cellular
This journal is © The Royal Society of Chemistry 2020
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organization, promoting mechanical stiffness, and developing
cytocompatible native ECM like structure.6

Combining a microuidic system with a hydrogel matrix 3D
cell culture is a promising approach in cellular biology, tissue
engineering, and biomedical research. The approach reduces the
size of bio-samples and allows for precise control over multicel-
lular microenvironment. A microuidic system, also known as
“lab-on-a-chip”, enables the study of well controlled uid owing
through the microchannels. It is possible to create a complex and
controlled microenvironment for the cell culture inside a micro-
channel by regulating the shear stress and strain.7 On the other
hand, the tunability of the porosity and elasticity of a hydrogel
makes it suitable for serving as an in vitro matrix for organ-
specic 3D cell culture systems.8,9 This is advantageous because
the spatial distribution of signal gradients inside a microchannel
can be well controlled by continuous perfusion of liquid.

This review paper discusses different types of hydrogels and
their relevant characteristics for serving as the extracellular
matrix. We discuss the hydrogels commonly used as cellular
scaffolds in microuidic cell culture systems, and also detail
their advantages and limitation. Finally, we present the current
challenges and future perspectives of hydrogel-based micro-
uidic 3D cell culture systems.
2. Hydrogels as extracellular matrix
(ECM)

ECM is the non-cellular self-ensemble of macromolecules,
glycosaminoglycan, and brous protein such as collagen,
Fig. 1 Structural similarities between extracellular matrix (ECM) and h
structural proteins (collagens), proteoglycans, and glycoproteins (fibronec
fibrous proteins fill the cells' interstitial space to provide the mechanical a
(C) synthetic polymers. Fibrous hydrogel polymers link by interconnec
support.

This journal is © The Royal Society of Chemistry 2020
bronectin, laminin (Fig. 1A). ECM lls the extracellular space
between cells to provide structural support to mammalian cells.
ECM serves as a regulatory modulator for critical cellular
functions, contributing to morphogenesis and regeneration of
tissues.10–12 ECM also facilitates gas and nutrition exchange
between the cell and its environment, removing metabolic
waste, and regulating signal transduction pathway.6,13

Hydrogels are considered as the 3D analogy to native ECM
due to their swelling characteristics, the high-water content and
the low elasticity. Hydrogels are hydrophilic 3D cross-linked
polymeric networks, consisting of interconnected microscopic
pores, which can absorb biological uid up to 99% of its
volume.14 The amount of the absorbed uid in the swollen
hydrogel depends on the nature of the polymers and the
developed polymeric network. Furthermore, the interfacial
tension of hydrogels with water and biological uids simulates
the nature of themost so tissues.13,15,16 Hydrogel as an articial
matrix should provide appropriate mechanical, chemical, and
biological support for cell growth andmaintenance. To have the
similar structure of mammalian ECM, hydrogels must possess
a hydrated protein and polysaccharide network.15,17 Like native
ECM, hydrogels from natural polymers contain growth factors
and integrin binding sites (Fig. 1B) for promoting cellular
functions. In contrast, hydrogels from synthetic polymers lack
of integrin binding ligands (Fig. 1C) but can maintain cell
viability.15 A wide variety of hydrogels could be prepared in mild
and biocompatible conditions, with possible modication for
desired cell adhesion, viscoelastic moiety, and degradability.5

Hydrogels can be designed and modied to simulate the
ydrogels. (A) ECM is consisted of three groups of macromolecules:
tin) to form thematrix for cell attachment. Proteoglycan and structural
nd biological supports. Hydrogel scaffold from (B) natural polymers and
ted microscopic pores to provide mechanical and biological cellular
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physicochemical properties of a target tissue. Cell adhesiveness
of hydrogel can be modied by peptide and protein immobili-
zation. Furthermore, by introducing new functional groups,
matrix stiffness can be tuned for cellular support, and pore
architecture can be optimized to promote tissue formation.6
3. Types of hydrogels used in
microfluidic devices

Hydrogel-based devices facilitate the cellular microenviron-
ment for simultaneous loading and attachment of cells as well
as nutrient supply and waste removal. These processes occur
under physiologically relevant shear conditions and can be
visualised by real-time microscopy.18,19 Hence, microporous
hydrogels could generate uid pathways throughout the 3D
scaffold that accelerate the distribution of nutrients.20 Studies
indicate the importance of hydrogels because of their capability
to form complex networks and well controlled properties.21,22

Polymers of natural and synthetic origin are used as hydrogels
in microuidic devices.23,24 In general, natural hydrogels are
typically formed from biologically derived precursors such as
ECM proteins: collagen, brin, and/or hyaluronic acid, along
with the polymers derived from natural sources such as chito-
san and alginate.25 The main advantages of natural hydrogels
are their biocompatibility and bioactivity. Natural hydrogels
show enhance cellular attachment, proliferation and viability
due to the presence of endogenous factors26 (Fig. 2A). However,
the disadvantages of natural hydrogels are the difficulties in
tuning mechanical and biochemical presentation, rapid
degradability, and potential for contamination. Furthermore,
batch to batch consistency is difficult to maintain in the
production of natural hydrogels, that might affect the cellular
behaviour and experimental reproducibility.15
Fig. 2 Hydrogel based artificial scaffold for cell culture. (A) Scaffold, comp
cells to bind with a variety of different integrin-binding sites and growth fa
(B) Scaffold, composed of synthetic polymers, lacks growth factors and i
growth.

43684 | RSC Adv., 2020, 10, 43682–43703
Hydrogels derived from non-natural molecules are known as
synthetic hydrogels. Commonly used synthetic hydrogels are
poly(ethylene glycol), poly(vinyl alcohol), polyacrylamide, pol-
y(aspartic acid) and poly(2-hydroxy ethyl methacrylate).23,27 The
main advantages of synthetic hydrogels are the tunability and
batch-to-batch consistency in large-scale production. These
biologically inert synthetic hydrogels have limited use because
of the lack of endogenous growth factors needed for cell growth
(Fig. 2B). However, bioactive molecules such as protein, enzyme
and growth factors can be incorporated into the synthetic
hydrogels network to mediate specic cell functions.28,29

Synthetic hydrogels can also be chemically modied to add
benecial properties such as changing porosity and stiffness;
improving stability, biocompatibility and degradability; and
tuning mechanical strength for different cellular applications.30
4. Synthesis and properties of
hydrogels as 3D scaffolds

Hydrogels can be formed by crosslinking polymeric chains
through physical or chemical methods.31 Physical hydrogels are
ionotropic, formed through molecular entanglements and
secondary forces such as hydrogen bonds, crystallite formation,
electrostatic interactions, and hydrophobic (Fig. 3A–C), which
are oen reversible. An advantage of physical hydrogels is their
biocompatible nature due to the absence of chemical cross-
linkers that may cause cell toxicity.32 However, the inexibility
towards gelation time, pore size, and chemical functionaliza-
tion may lead to inconsistent performance in vivo.33,34

Conversely, chemical hydrogels formed by irreversible
covalent crosslinking that is mainly induced by the high energy
radiation, the addition of different crosslinking agents, free
radical polymerization, and condensation polymerization
osed of natural polymers, provides the cellular support by enabling the
ctor and regulates cell behaviour through activating signalling cascade.
ntegrin binding sites that only provides the mechanical support for cell

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Schematic illustration of synthesis of hydrogel by physical methods (A–C) and chemical method (D).
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(Fig. 3D) for the rapid sol–gel transition.33 Unlike physical
hydrogels, chemical hydrogels are stable against degradation.
Gelation time and pore size could be easily modied by
changing chemical functionalization. However, these chemical
initiators oen cause toxicity to cells. Thus, when selecting
synthetic hydrogels for cell culture, it is important to use non-
toxic initiators to minimize cell toxicity and preserve cell func-
tion. Other considerations when using chemical hydrogels are
the biocompatibility of crosslinking procedures, polymerization
time, and the nature of the reagents used for the specic cell
types.33,34

Stimuli-responsive hydrogels, also known as smart hydro-
gels, respond to external stimuli to organize their internal
architectural orientation. Stimuli responsiveness can be ach-
ieved by introducing a special component in the polymeric
chain that has the ability to respond to a particular signal. This
component could be the specic chemical structure of the
polymeric chain or could be added externally in the polymeric
network.35 Different types of physical and biochemical stimuli
such as temperature, light, magnetic eld, electric eld,
ultrasonic wave, and pH variation are responsible for some
stimuli-sensitive hydrogel fabrication. Thermoresponsive
hydrogels work by changing the equilibrium between the
hydrophobic and hydrophilic segments in respond to
temperature changes. Thermoresponsive hydrogels can be
formed by low critical temperature (LCST) with hydrogel
formation undergoing phase separation and upper critical
solution temperature (UCST) with hydrogels formed by heat-
ing.36 A small temperature change can initiate hydrophobic or
hydrophilic interactions between hydrophobic or hydrophilic
polymer segments respectively for inducing the sol–gel tran-
sition (Fig. 4A).30 Examples of thermoresponsive hydrogels are
gelatin, collagen, cellulose, chitosan, starch, carrageenan,
hyaluronic acid, xanthan, xyloglucan, elastin, and dextran.37

Some of the thermoresponsive hydrogels are reversible, espe-
cially the naturally occurring hydrogels such as gelatin,
carrageenan, agarose.
This journal is © The Royal Society of Chemistry 2020
pH-responsive hydrogels showed their characteristic
features at a specic pH. The swelling or contraction of pH-
sensitive hydrogels occurs in response to the change of the
pH value in the system (Fig. 4B). All pH-responsive polymers
must contain pendant acidic or basic groups which either
accept or donate protons. Swelling of the anionic hydrogels
occurs at the basic medium because the ionization of the
pendant acidic groups takes place at a high pH value. However,
the cationic hydrogels swell at low pH value because the
protonation of amino/imine group occurs in an acidic
medium.38 Natural hydrogels such as chitosan, guar gum,
carrageenan, dextran, xanthan, cellulose, alginate, and
synthetic hydrogels such as poly(acrylic acid), polyacrylamide,
polyvinyl alcohol, polyethylene glycol could be used as the base
materials for pH-sensitive hydrogels.37

Electro-sensitive hydrogels change their internal polymeric
bonding by swelling/shrinking when exposed to an applied
electric eld (Fig. 4C). Most of electro-responsive hydrogels are
polyelectrolytes that contain ionizable groups in their backbone
or in the polymeric side chains. Synthetic polymers, used in the
preparation of electro-responsive hydrogels, are polyvinyl
alcohol, polypyrrole, polyaniline, polythiophene, acrylic acid/
vinyl sulfonic acid, and sulfonated polystyrene.39 In contrast,
natural polymers such as alginate, hyaluronic acid, and chito-
san can also be blended with synthetic polymers to prepare such
hydrogels.35,40

Light sensitive hydrogels are promising materials due to
their easy activation by a particular light wavelength where the
source can be remote and non-invasive. Zhao et al.41 showed
that a hydrogel prepared of a deoxycholic acid-modied b-
cyclodextrin derivative and an azobenzene-branched poly(-
acrylic acid) copolymer could efficiently convert at 355 nm
wavelength from gel to sol while it was completely recovered
from sol to gel at 450 nm irradiation (Fig. 4D).

Cell attachment is regulated by the tissue-specic ECM
mechanical properties such as stiffness, stress, and strain.44

Elastic modulus of different types of tissue ranges from less
than 1 kPa to 4 GPa, e.g. >1 kPa (brain, lung, breast), 1–10 kPa
RSC Adv., 2020, 10, 43682–43703 | 43685
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Fig. 4 Stimuli-responsive hydrogels. (A) Thermoresponsive sol–gel transition of gelatin. (B) pH-sensitive swelling–deswelling behaviour of acidic
and basic hydrogels redrew from Kocak et al.42 (D) Influence of applied electric filed on hydrogel reconstructed from Qureshi et al.43 (C)
Photosensitivity in the sol–gel transition of azobenzene-based hydrogel redrew from Zhao et al.41
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(endothelial tissue, muscle), 100 kPa (pre-calcied bone), 1 MPa
(cartilage), and 2–4 GPa (bone).45,46 In in vitro hydrogel-based 3D
cell culture, substrate mechanical properties could inuence
cell adhesion, spreading, migration, and cytoskeleton
assembly.47 The scaffold architecture of the hydrogels is not
only important for the cellular adhesion but also for the diffu-
sion of nutrients, signalling molecules, and other required
moieties presented into the culture environment.48 The
mechanical properties of hydrogels, including elasticity,
swelling, pore size, and surface roughness, can be tuned by
using cross-linking agents or by changing the physicochemical
composition of the formulation.45 The mechanical properties
for the 3D hydrogel scaffold are mainly evaluated as either
elastic modulus (E) or shear modulus (G) by using rheology.2 A
comprehensive review was done by Oyen et al.49 to discuss
different mechanical characterisation techniques for hydrogels.
Swelling property can also be used as an indication for hydrogel
stiffness. The stiffer network shows lower swelling. Porosity is
an important parameter for cell culture because the pore size
can impact the perfusion of nutrients and oxygen in the
hydrogel network. Lower swelling with higher modulus
43686 | RSC Adv., 2020, 10, 43682–43703
indicates the smaller pore size. An appropriate porosity of
hydrogel scaffold is required to achieve the desired cell prolif-
eration, migration, and differentiation.46 Smaller pore sizes can
limit the cell migration towards the centre, distribution of
nutrients, and removal of waste materials from the hydrogel
network. However, larger pore size can reduce the total surface
area for the cell attachment.50 The optimum pore size of the
hydrogel scaffold is dependent on the specic tissue and cell.
For example, scaffold with pore sizes between 200–400 mm was
suitable for bone tissue formation, while 50–200 mm were
required for smooth muscle cells.51 Hydrogel network with pore
sizes between 10–75 mm can only form brous tissue, while
pores greater than 100 mm enable vascularization. Pores larger
than 400 mm reduce the total surface area, resulting in minimal
cell–cell contact ratio.52 Topographical modication of the
hydrogel surface can provide a better platform for cellular
adhesion. Studies showed the direct inuence of micro- and
nano-topographical modication of the surface on cell adhe-
sion and proliferation.53–55 A summary of different studies that
evaluate the inuence of mechanical properties of the hydrogels
in 3D cell culture is provided in Table 1.
This journal is © The Royal Society of Chemistry 2020
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5. Cell culture in hydrogel–
microfluidic matrices

In in vivo condition, cells are exposed to the complex matrix-
based microenvironment and adjoining cells that facilitates
cellular communication and secretion.56 In traditional 2D cell
culture techniques, cell growth has occurred on a at dish and
cells usually grow as a monolayer for adherent cells. Non-
adherent cells are covered by the cellular media without any
physically relevant microenvironment. Cellular morphology can
change drastically because of the unconstrained cellular
spreading and migration on a single plane.57 Changed
morphology can affect the organisation of the organelles inside
the cells.3 Moreover, the lack of cell-extracellular matrix inter-
action could initiate abnormal proliferation, polarisation, gene
expression, protein secretion, and cell signalling.3 Several
reports recognised that the transition from 2D cell culture to 3D
hydrogel-matrix based cell culture leads to signicant
improvement in the cellular morphology, protein expression,
differentiation, migration and functionalities in in vitro plat-
forms.58–61 Unlike 2D culture, 3D cell culture in hydrogel scaf-
fold provides more tissue like complexities and allows the
spatial orientation of cells. Cells in 3D scaffold with low stiff-
ness can grow in all directions and are able to maintain the
physiological morphology.62 The 3D scaffold also provides
integrin and growth factors' binding sites to maintain the cell–
cell and cell–matrix interactions which regulate overall cellular
function.57 An extensive review by Edmondson et al.63 discussed
the characteristic comparison between 2D and 3D cell culture
systems based on the cell growth condition, cell proliferation,
gene and protein expression proles. However, to mimic the
highly complex dynamic in vivo microenvironment, the cell
culture platform needs to provide a continuous supply of
nutrition and oxygen along with the constant removal of waste
as well as mechanical stimuli.7 The combination of microuidic
systems with 3D cell culture could address this bottleneck and
introduce a new dimension in the study of cellular and tissue
biology.64–67

Microuidics system generally refers to the use of the small
volume of uids in microchannels or microchambers to create
complex dynamic cellular microenvironments with tuneable
mechanical properties such as shear, strain, and stress.
Microuidics allows for the reproducible simulation of perfu-
sion ow, spatial control over co-cultures and signalling gradi-
ents, cell–cell and cell–matrix interaction in microchannel to
mimic the physiological conditions in the 3D in vitro models.68

Jang et al.68 studied shear–stress induced osteoblast differenti-
ation in 3D microuidic chip. The study suggested a 10-fold
increase of alkaline phosphatase (ALP) activity in MC3T3-E1
cells compared to the 2D cell culture. A microuidic 3D chip-
based drug sensitive platform was designed by using mono-
culture and co-culture of the SPCA-1 (human non-small cell
lung cancer cell line) and the HFL1 (human lung broblast cell
line) for the clinical individualised treatment of lung cancer.69

Both cell lines showed at morphology with several protrusions
on the cell surface in 2D culture while spherical tight junction
This journal is © The Royal Society of Chemistry 2020
was developed with several surrounded protrusions in chip. In
the co-culture 3D model, HFL1 cells were able to capture the
spherical SPCA-1 cells and developed clusters inside the chip.
Another study grew human pancreatic ductal adenocarcinoma
cells (PDACs) in a 3Dmicrouidic collagen-coated chamber and
compared the morphology, growth characteristic, and chemo-
therapeutic responses of the cells to the 2D cell culture system.70

In this study, three PDAC cell lines including PANC1, BxPC3 and
MiaPaCa2 were used. Cells exhibited slightly different
morphology and adhesion phenomena for different cell lines in
both 2D culture and 3D microuidic chip. In 2D cell culture,
BxPC3 cells showed stronger adhesion among three cell lines
while all cells displayed epithelial morphology. Only BxPC3
formed uniform clusters of cells in 2D model. In collagen-
coated chip, only BxPC3 exhibited collagen selective adhesion.
BxPC3 and PDANC1 showed at morphology with few spherical
cells on top while MiaPaCa2 grew as spherical. All cell lines
aggregated to form 3D clusters inside the chips. The efficacy of
cisplatin on PANC1 cells were investigated in both 2D culture
and 3D chip aer 72 hours. The major limitation when testing
chemotherapeutic medications in both preclinical and clinical
models is the frequent lack of response when applying drug
concentrations derived from standard 2D in vitro culture. In this
study, the calculated IC50 at 3.25 � 0.2 mM of cisplatin was
achieved in 2D culture aer 3 days. However, a higher cisplatin
concentration was required to obtain the same reduced viability
in chip. At the concentration of 100 mM cisplatin, the cell
viability reduced by 30% in chip that resembled more in vivo
like condition. This is consistent with data obtained from the in
vivo study in which a high concentration of cisplatin was needed
for cell growth inhibition. The complete growth inhibition of
PANC1 cells was achieved with approximately 240 mM plasma
concentration of cisplatin aer 10 days.71 The results indicate
that 3D cell culture in the chip resembled in vivo condition
better. Fig. 5 shows the differences between cells grown on 2D
and 3D microuidic cell culture systems.

Introducing hydrogels as an ECM into a microuidic 3D cell
culture system provides mechanical support because of its
porosity, high water retention capability, and stiffness. ECM
like hydrogels can promote cell proliferation, differentiation,
migration, and protein secretion. The advantages of combining
microuidic cell culture systems with hydrogels are (i) fabri-
cating microchannel at an appropriate dimension relevant to
the in vivo environment, (ii) maintaining unprecedented
temporal and spatial control over uids and cellular distribu-
tion by creating reproducible biointerfaces of medium–matrix,
and (iii) establishing control over signalling gradients for
developing dynamic cellular microenvironment.52,72 Hydrogel
based 3D microuidic cell culture devices could be used to
investigate cell proliferation, spreading, cell to cell contact, as
well as in vitro drug screening. Gumuscu et al.73 extensively
studied the compartmentalized hydrogel-based 3D microuidic
cell culture system using the Caco-2 cell line (Fig. 6A and B). A
PDMS microchip with 500 individual collagen compartments,
separated by microuidic channels was used for observing long-
term and parallel culture of Caco-2 human intestine cells with
continuous uid perfusion. The microchip was also used to
RSC Adv., 2020, 10, 43682–43703 | 43687
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Fig. 5 Characteristic attributes of 2D and 3Dmicrofluidic cell culture systems. (A) Characteristics of the conventional 2D cell culture system. (B) A
commonly used microfluidic 3D cell culture model and cellular orientation in the gel compartment.

Fig. 6 Reconstructed schematic diagrams of 3D microfluidic cell culture devices. (A) Isometric view of the hydrogel patterns with a zoomed in
illustration (B) of the capillary barriers, PDMS pillars and hydrogel compartments of the compartmentalized model,73 (C) TEM (the tumour
microenvironment) model,74 and (D) vascular model.75
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observe cellular adhesion with intestinal pathogens and drugs
that provided an in vitro platform for drug screening. A
collagenase-based enzymatic method was developed to retrieve
the embedded cells form the microuidic TME (the tumour
microenvironment) model (Fig. 6C).74 In this study, a trans-
parent cyclic olen polymer microuidic device, composed of
a central microchamber and two lateral microchannels was
used. The central cell culture channel was coated with collagen
hydrogel before cell infusion. HCT-116 colon carcinoma cell
line and U251-MG glioblastoma cell line were independently
infused through the channel. Aer 24 hours of incubation, cells
43692 | RSC Adv., 2020, 10, 43682–43703
were collected by enzymatic degradation. Following collagenase
treatment, the cells were re-embedded and recovered aer 72
hours for checking viability. Their technique allowed the repaid
recovery of the cells within 10 min with high viability for both
cell types. A 3D hydrogel based vascular model was designed by
Wong et al.75 (Fig. 6D) to study the electrochemical permeability
of endothelial cells in a microuidic platform. The advantage of
the design was that it allowed for the measurement of the
endothelial permeability in the incubator environment without
employing any complex optical instrument.
This journal is © The Royal Society of Chemistry 2020
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6. Commonly used hydrogels in
microfluidic 3D cell culture

Hydrogels, used in microuidic 3D cell culture system should
ideally imitate the native tissue-specic microenvironment and
deliberate cell attachment sites for the bioactivation of cellular
factors that are responsible for cell proliferation, differentiation
and migration. Alongside, the scaffold preparation procedure
should not be harsh for maintaining cell viability and func-
tionality.76 This section discusses natural and synthetic hydro-
gels commonly used in microuidic cell culture systems. Table
2 provides a summary of different hydrogels with their proper-
ties, limitations, and applications in microuidic 3D cell
culture systems.
6.1. Collagen

Collagen, especially type I, is the most commonly used hydrogel
in cell culture.77 Generally, self-assembly of collagen brils
occurs rapidly at higher temperatures and neutral pH. Proper-
ties such as biocompatibility, biodegradability, porosity, and
collagen-to-cell ligand binding make collagen an excellent
choice to study cell encapsulation and cell migration. Collagen
microstructure has the direct inuence in the tissue specic
mechanical parameters and in the cellular migration. It is
important to evaluate some microscopic key properties, such as
stiffness and porosity before architecting tissue specic
collagen scaffold for 3D cell culture.78 One of the benets of
using collagen for microuidic cell culture is the ability to
establish chemical and biological gradients. Collagen scaffold
is used as robust platforms for culturing different cell lines to
construct in vivo relevant tumor microenvironments,22,79 in vitro
neural networks,80 in vitro microvascular networks,81,82 and in
vitro human intestinal villi83 in microuidic devices. Shim
et al.83 aimed to build a human intestinal villi shaped collagen
scaffold on a chip and to introduce uid shear alongside to
check the inuence of gut microenvironment on the physio-
logical functions of the human colon carcinoma cells (Caco-2)
line. The study compared the cellular morphology and the
vital functions of Caco-2 cells in 3D microuidic gut chip, 2D
monolayer culture on transwell, and 2D monolayer culture on
microuidic chips. Cells showed prismatic morphology in the
3D microuidic gut chip, while the cells were attened and
attached closely to the membrane in the 2D well and 2D chip. In
addition, Caco-2 cells showed enhance metabolic functions on
3D microuidic gut chip. Caco-2 cells showed 7-fold increase in
P450 3A4 enzymatic activity in 3Dmicrouidic gut chip than the
2D well and 2D chip.
6.2. Gelatin

Gelatin is derived from the hydrolysis of collagen. It is abun-
dantly used in the biomedical research because of its structural
similarities to ECM, availability, cost effectiveness, excellent
biodegradability and biocompatibility. Gelatin is the commonly
used biopolymer in 3D cell cultures because of its ability to host
a variety of cell lines by proving suitable chemical and biological
This journal is © The Royal Society of Chemistry 2020
binding motifs.84 Additionally, different functional groups,
present in the chemical structure of gelatin, allows the chemical
modication by reacting with other biomaterials. Gelatin-based
3D microuidic platforms are fabricated to emulate the cellular
microenvironment for long-term cell culture and growth.85 Chen
et al.86 utilized gelatin-methacrylate to study cell-to-cell interac-
tions between pancreatic and valvular endothelial and interstitial
cells. Gelatin (10%) andmethacrylic anhydride (94%) were mixed
to achieve the highest degree of methacrylation, and porcine
aortic valvular intestinal cells were mixed in a 1 : 1 ratio with the
gelatin methacrylate hydrogel. The effects on embedded cell
viability were determined by varying gelatin methacrylate
concentrations, photo-initiator concentrations, and ultra-violet
curing time. The encapsulated cells in the hydrogel were then
injected into the microuidic device. The vascular endothelial
cells suppressed vascular interstitial cells in myobroblast
differentiation, and this effect was enhanced by the shear stress.86

These results were also consistent with the macroscale tissue-
engineered model of Butcher et al.,87 thus conrming the in
vitro delity of the microuidic culture system. In another study,
gelatin and tropoelastin-based hydrogel were used to coat the
surfaces of microchannels to generate a hydrogel layer on the
channel walls.88 Rat cardiomyocytes seeded on these hydrogel
layers showed preferential attachment and higher spontaneous
beating rates on tropoelastin coatings as compared to gelatin.
Cardiomyocytes respond in favour of elastic, so tropoelastin
culture substrates. This study showed the potential use of
tropoelastin-based hydrogels as a suitable coating for some
organ-on-a-chip applications and limited the use of gelatin for
certain cell lines. However, some drawbacks including: poor
stiffness without crosslinkers, susceptibility to enzymatic degra-
dation and poor solubility with higher viscosity in concentrated
solution, restrict the application of gelatin to a greater extent.84
6.3. Chitosan

Chitosan is the derivative of chitin polysaccharide. Chitosan
usually requires modication to improve its physicochemical
properties. Chitosan bears a close structural resemblance to
mammalian polysaccharides that makes it an attractive choice
for cell encapsulation.89 However, before chitosan hydrogels can
be used, its properties such as stability and durability need to be
improved by polymeric cross-linking. Furthermore, chitosan
stiffness strongly affects the cell morphology. Elongated cells
were observed in gel with stiffness greater than 5 kPa while
abnormal circular morphology was seen in the less stiff gel (<5
kPa).90,91 Chitosan hydrogel has been used as a scaffold to
mimic the in vitro cardiac tissue microenvironment.21 Chitosan
(1%) was used to culture cardiomyocytes on microuidic chip.
Cell medium perfusion was carried out at the rate of 0.1 ml h�1

aer the attachment of the cells to the hydrogel scaffold. Cells
grown on the chip in microscale had higher conuency
compared to those in two-dimensional culture. From the tissue
construct staining analysis, an integrated organoid-like tissue
was also shown aer ten days of culture. A tunable micro-
structured membrane-on-chip was made by blending poly(3-
caprolactone)–chitosan (PCL–CHT) in different ratios to analyse
RSC Adv., 2020, 10, 43682–43703 | 43693
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the effect of mechanical parameters of the ECM structure in cell
growth and proliferation.92 In this study, HUVECs were seeded
on the channel coated with the modied gel for 3 days before
analysing. The results suggested that the membrane with
a large surface pore facilitated the cell incorporation while
interconnected small porous structure was suitable for nutri-
ents and oxygen diffusion, along with the waste removal.
Furthermore, the study showed an improved resistance of
cellular barrier with the higher percentage of chitosan.

6.4. Fibrin

Fibrin is a natural biopolymer formed by the polymerization of
brinogen, which is isolated from blood plasma. First, brinogen
is converted into brin monomer in the presence of thrombin
and CaCl2. Then brin monomers are self-assembled by
hydrogen bonds to form insoluble brin. Additional cross-
linking is provided by the blood coagulation factor XIIIa to
produce brin mesh. Properties such as biocompatibility, hae-
mostasis, and biodegradation make brin as an excellent choice
for studying in vitro wound healing. Moreover, brin gel
morphology, gelation time, and stability could be easily tuned by
changing the concentration of thrombin and the blood coagu-
lation factor XIIIa.93 Ahn et al.94 introduced a microuidic bone
mimicking microenvironment using hydroxyapatite–brin
hydrogel composite to recapitulate a 3D vascularized tumour
spheroids condition. Hydroxyapatite is the essential component
of the bone and teeth which gives them the rigidity. The
composite was made by adding hydroxyapatite in different
concentrations (0.0, 0.2, and 0.4%) with brin hydrogel to study
the mechanical properties of ECM on the bone microenviron-
ment. The authors seeded colorectal cancer (SW620) and gastric
cancer (MKN74) cells in the developed composite material. The
team successfully investigated the viability, morphology, prolif-
eration, and migration of the cells as well as studied the cell–cell
and cell–matrix interaction. The cell viability, morphology, and
proliferation of both cell types depend on rigidity i.e. the
concentration of hydroxyapatite. With the higher concentration
of hydroxyapatite, both cell lines showed signicantly reduced
migration with less blood vessel sprouts during angiogenesis.

6.5. Agarose

Agarose is a marine-based linear polysaccharide. It is extracted
from seaweed and composed of alternating copolymers of (1–3)-
linked b-D-galactose and (1–4)-linked (3–6)-anhydro-a-L-galac-
tose.95 This thermo reversible polymer can induce gelation or
liquify at different temperatures varying from 20 �C to 70 �C,
depending on the molecular weight and the degree of hydrox-
yethylation.96 Due to the temperature-sensitive water solubility
of this polymer, it is suitable for the cell encapsulation. Agarose
does not provide active anchor for cells that limit its use in the
adherent cell culture.97 Microuidic agarose-based cell encap-
sulation has been introduced as a promising platform for
developing perfusion based microbioreactors for stable and
high throughput cell culture,98–100 cell culture-based chemo-
sensitivity assay,101,102 novel quantum dot cytotoxicity assay,103

and electric cell-substrate impedance sensing (ECIS) technique
RSC Adv., 2020, 10, 43682–43703 | 43695
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for real-time cell viability assay and drug screening.104 A leaf
inspired agarose based 3D cell culture system was developed by
Fan et al.105 for designing articial microvascular network. The
main purpose was to build up a branching perfusion model by
using porous agarose hydrogel for the even distribution of
oxygen and nutrients that support long term cells growth.
HCT116 cells encapsulated agarose gel was used to construct
multi-layered 3D vascular network. The encapsulated cells were
able to absorb nutrients from the embedded vascular network
and continued to grow for at least 2 weeks.

6.6. Alginate

Alginate is a natural polysaccharide derived from brown algae that
forms a reversible gel in the presence of divalent cations via ionic
crosslinking. Alginate hydrogel is notable for the exibility to alter
molecular weight, composition, macromolecular composition,106

and customized stiffness and pore sizes.107 An electrowetting on
dielectric (EWOD) digital microuidics (DMF) 3D cell culture
system was developed by George et al.108 The aim of their design
was tomerge the EWODDMF'smultiplexing principle for uniform
cell seeding in alginate hydrogels and using the device as
a chemical screening platform. Although the main hurdles of the
alginate on chip are the lack of microchannel compatible cross-
linking methods of gelling and maintaining the cell viability
throughout the whole process. The most common method for
gelation of alginate is to introduce an acidier to the alginate
solution for lowering the pH of the system. pH of the system is
dropped by releasing divalent calcium ions (Ca2+) from the pH
sensitive alginate chelates. Cell encapsulation technique that relies
on the sudden reduction of pH shows poor cell viability, even
though, cells expose to the low pH only for few minutes.

6.7. Hyaluronic acid (HA)

Hyaluronic acid (HA) is a non-sulphated glycosaminoglycan
composed of a repeating disaccharide unit of glucuronate and N-
acetylglucosamine. Hyaluronic acid has several signicant
advantages as a hydrogel platform, including its biological rele-
vance and chemical tunability. HA is distributed throughout
many tissues, including skin, cartilage, and brain, and is known
to play an important role in development, wound healing, and
disease.109 A microuidic device was fabricated by photo-
crosslinkable HA for studying cell immobilization.110 NIH-3T3
cell line was used in that study. They applied two approach for
analysing cell viability in their developed microstructure. First,
they used their fabricated microstructure as a docking template
for the cellular attachment. Second, they directly encapsulated
the cells into the microstructure before device fabrication. In the
rst approach, >99% of cells were viable aer 24 hours and the
cells remained viable up to 7 days. In the second approach, 82 �
5% viability was observed 6 hours aer encapsulation. For both
approaches, cells could be recovered for further use.

6.8. Poly(ethylene glycol)

Poly(ethylene glycol) (PEG) is hydrophilic and a relative inert
polymer. Like other hydrogels, PEG can be cross-linked with
different functional groups, allowing user exibility. Due to this
43696 | RSC Adv., 2020, 10, 43682–43703
exibility, PEG has been used in many cell culture applications
such as stem cell differentiation and angiogenesis.111 Liu et al.112

utilized a controlled cellular microenvironment in a micro-
uidic device for precise spatial diffusion of biomolecules. In
their study, they used a gradient generating PDMS microuidic
device to immobilize the gradient of a cellular adhesive Arg–
Gly–Asp peptide (RGD) on PEG hydrogels. A uid dynamic
model was simulated for the distribution of biomolecules and
gradient generation in the device. PEG hydrogel was covalently
bind with the RGD and then bone marrow-derived rat mesen-
chymal stem cells (MSCs) were cultured on the surface of the
immobilized RGD gradient PEG hydrogel. Their result sug-
gested a proportional increase of cell adhesion and distribution
on treated PDMS surface with RGD concentration. They also
determined the critical RGD concentration ranging from 0.107–
0.143 mM for maximum MSCs adhesion on PEG hydrogel.

6.9. Polyacrylamide

Nghe et al.113 fabricated a microuidic device with poly-
acrylamide (PAA) hydrogel as a biomaterial for bacterial and
yeast cells growth. They compared different device designs with
PAA to get the consistent spatio-temporal microenvironment for
the cells. Their device showed consistency of getting a mono-
layer of cells which allowed easy microscopic observation.
According to their study, the characteristic features of using PAA
were that the gel was stable during fabrication and did not
break like agarose gel, and PAA device did not need any
chemical modication for improving cell adhesion like PDMS
device. However, PAA hydrogels are formed by reacting acryl-
amide monomer with bisacrylamide crosslinker in the presence
of ammonium persulfate (APS) and tetramethylethylenedi-
amine (TEMED).114 These chemical crosslinkers generate free
radicals, which cause cell toxicity. For this reason, PAA is not
suitable for cell encapsulation. However, the advantage of PAA
is its ability to ne-tune stiffness of the hydrogel. Thus, PAA is
usually reserved for 2D studies where the stiffness of the
hydrogels affects cell motility, spreading, and differentiation.

6.10. Combination of different hydrogels

The blending of different natural and synthetic hydrogels offers
the capability of tuning mechanical and hydrogelation kinetics,
along with the exible incorporation of adhesive moieties for
facilitating optimal culture conditions.76,115 Furthermore,
hydrogel polymers can be tuned to mould desirable stiffness
and internal structures.116 Collagen/brin hydrogels were used
by Lee et al.117 to construct an articial tissue for delivering
growth factors and promoting migration and proliferation of
murine neural stem cells. The mixture of HA/collagen improved
the adhesion, migration, and proliferation of human umbilical
vein endothelial cells in microuidic platform.118 Agarose/
collagen hydrogel composition was used to engineer a perfus-
able microuidic network by using a bottom-up approach for
sequential endothelial cell seedings.20 In that study, the
spatially interconnected microchannels were used to build
a uid pathway to deliberate culture medium for the cellular
distribution throughout the hydrogel scaffold. A hydrogel-based
This journal is © The Royal Society of Chemistry 2020
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interpenetrating polymer network (IPN) was used to develop an
endothelialised microvascular-on-chip by Qiu et al.116 In this
study, agarose/gelatin composite was used to maintain the
surrounding environment of endothelial cells (ECs) by
imitating vascular stiffness and basement membrane func-
tionality. The composite was suitable for successful EC seeding
and ECs were appropriately assembled on self-deposing base-
ment membrane protein (laminin- and collagen IV). The con-
uency of the cells was achieved within two days and
maintained a semi-permeable barrier in the scaffold for more
than a month under continuous laminar ow conditions. A
multi-organoid body-on-a-chip model was constructed by Rajan
et al.119 for analysing drug efficacy and toxicity. HA/gelatin-
based hydrogel composite was used as extracellular matrix for
cell seedings to build up miniaturized structure of the organ.
Initially, a three organoid device was designed by embodying of
liver (cell types: primary human hepatocytes, hepatic stellate
cells and Kupffer cells, human liver-derived endothelial cells),
cardiac (cell types: iPSc-derived cardiomyocytes, human cardiac
broblast and cardiac endothelium cells) and lung (cell types:
alveolar epithelial cells, normal human lung broblast, primary
normal human bronchial epithelial cells) constructs. Later on,
another three humanized constructs were integrated including
blood vessel (cell types: human umbilical vein endothelial
cells), testis (cell types: spermatogonial stem cells, Leydig cells,
Sertoli cells, and peritubular cells), and brain (cell types:
primary human brain microvascular endothelial cells, human
brain vascular pericytes, human astrocytes, human microglial,
human oligodendrocytes, and human neural cells) to expand
the study. The design was able to maintain the highest viability
of all types by using the common circulation for 21 days in
three-organoids system, while the highest viability was observed
for 14 days in the expanded six-organoids device.
7. Current challenges and future
perspective

Hydrogels as an extracellular matrix scaffold show a promising
advantage in microuidic 3D cell culture. However, it is still
challenging to achieve a standardized fabrication strategy that
can maintain the batch to batch consistency for stable and
highly functionalized tissue-specic hydrogels. Some chal-
lenges of hydrogel-based cell culture could overcome by incor-
porating microuidic systems such as spatial distribution and
regulation of cells, gradients, growth factors, and ligand.
However, this approach also faces difficulties of getting a prop-
erly validated working protocols. Common problems associated
with 3D hydrogel-based microuidic systems are difficulties in
hydrogel infusion through microchannels, formation of similar
gel microstructures inside the channel, and reproducible
medium-gel interference. Regulation of uid through micro-
channels cannot fully mimic the microvascular complexity of
native tissues and has issues for mimicking the spatial orien-
tation of cells in layered tissue motif. A contradiction has also
been noted by researchers as to whether or not microuidic
systems can create long-term clinically relevant data because of
This journal is © The Royal Society of Chemistry 2020
the use of the small number of cells in microchannel while
reproducibility and device validation always are in question.120

Moreover, some technical issues are limiting the popularity of
this novel approach among researchers, such as inadequate
resources and facilities for chip fabrication and complexity in
handling.

Facile fabrication and handling techniques with the inte-
gration of complicated in vitro tissue like conditions should be
blended to overcome the challenges and utilize the benets of
microuidic cell culture systems. Diverse tunable anisotropic
hydrogels could provide native tissue-like complexity and an
organ-like microenvironment for the heterogeneities of the cell
behaviour.117 This condition might be achieved by combining
the study of bio-orthogonal chemistry and organoid techniques.
The organoid technique is the in vitro development of the
miniature or simplied version of the organ. Bio-orthogonal
chemistry refers to any particular reaction occurs in the living
system without interfering native biochemical process.
Applying these methods in a microuidic device might intro-
duce chemoselective groups on the cell surface, which eventu-
ally reacted with the chemoselective groups of other cell types
and formed an organ-like tissue complexity on the chip. A
combination of stimuli-responsive polymers with easily tunable
synthetic polymers might provide the new way of removing the
static stiffness and inducing the dynamic stress/strain surface
interaction with cells to provide physiological tissue-like
consistency. In future, micro-sensing devices could be inte-
grated inside the microdevice for direct monitoring and anal-
ysis. Integrating pumping devices on chip might also reduce the
analysis and validation error.

8. Conclusion

Hydrogels are promising in in vitro 3D scaffolds for cell culture
because of their ability of recapitulate the extracellular micro-
environment and providing mechanical support for cell adhe-
sion, spreading, and proliferation. Undoubtedly 3D hydrogel-
based microuidic cell culture systems are a revolutionary
shi from 2D cell culture for depth understanding in cellular
biology and tissue engineering. The success of cell culture in
microchannels mostly depends on the selection and fabrication
of a preferred hydrogel as ECM structure. The hydrogel matrix
composition can be manipulated to control the biochemical
and biophysical properties of the hydrogel so that it is suitable
for a specic cell line. Natural polymer-based hydrogels have
different endogenous factors that facilitate a more organ-like
microenvironment for cellular activities while synthetic hydro-
gels provide easy tunability and batch to batch consistency.
Furthermore, natural hydrogels are biodegradable, biocompat-
ible, and non-toxic, whereas synthetic hydrogels, in many cases,
can be cytotoxic. Recently, smart hydrogels or stimuli-
responsive hydrogels have aroused considerable interest
because of their dynamic transition in response to external
stimuli. To optimize the organ-like complexity with minimal
cytotoxicity, it is crucial to synthesise hydrogels in different
combination ratios of natural and synthetic polymers. The
incorporation of stimulus-responsive components in the
RSC Adv., 2020, 10, 43682–43703 | 43697
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polymeric network can also facilitate the construction of more
tissue-specic matrix. With lots of challenges, the future of the
3D microuidic cell culture technique lies in the selection and
the combination of high throughput technologies along with
the easy and cost-effective fabrication and handling techniques.
A proper validated, reproducible protocol can make this tech-
nique a great source of producing clinically relevant data to aid
in our understanding of diseases processes and in the discovery
and development of new therapeutic agents.
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6 E. C. González-D́ıaz and S. Varghese, Hydrogels as
Extracellular Matrix Analogs, Gels, 2016, 2(3), 20.

7 X. J. Li, A. V. Valadez, P. Zuo and Z. Nie, Microuidic 3D cell
culture: potential application for tissue-based bioassays,
Bioanalysis, 2012, 4(12), 1509–1525.

8 G. Samy, H. Sylke, R. Marta, N. Andrea, K. Stefan and
P. L. Matthias, Articial niche microarrays for probing
single stem cell fate in high throughput, Nat. Methods,
2011, 8(11), 949.

9 J. R. Tse and A. J. Engler, Stiffness gradients mimicking in
vivo tissue variation regulate mesenchymal stem cell fate,
PLoS One, 2011, 6(1), e15978.

10 E. L. Baker, R. T. Bonnecaze andM. H. Zaman, Extracellular
Matrix Stiffness and Architecture Govern Intracellular
Rheology in Cancer, Biophys. J., 2009, 97(4), 1013–1021.

11 C. M. Nelson and M. J. Bissell, Of Extracellular Matrix,
Scaffolds, and Signaling: Tissue Architecture Regulates
Development, Homeostasis, and Cancer, Annu. Rev. Cell
Dev. Biol., 2006, 22(1), 287–309.

12 J. K. Mouw, G. OU and V. M. Weaver, Extracellular matrix
assembly: a multiscale deconstruction, Nat. Rev. Mol. Cell
Biol., 2014, 15(12), 771–785.

13 H. Geckil, F. Xu, X. Zhang, S. Moon and U. Demirci,
Engineering hydrogels as extracellular matrix mimics,
Nanomedicine, 2010, 5(3), 469–484.

14 S. Varghese, N. S. Hwang, A. C. Canver, P. Theprungsirikul,
D. W. Lin and J. Elisseeff, Chondroitin sulfate based niches
for chondrogenic differentiation of mesenchymal stem
cells, Matrix Biol., 2008, 27(1), 12–21.

15 M. W. Tibbitt and K. S. Anseth, Hydrogels as extracellular
matrix mimics for 3D cell culture, Biotechnol. Bioeng.,
2009, 103(4), 655–663.

16 M.-T. Nistor, A. P. Chiriac, L. E. Nita, C. Vasile and
L. Verestiuc, Upon the characterization of semi-synthetic
hydrogels based on poly(NIPAM) inserted onto collagen
sponge, Composites, Part B, 2012, 43(3), 1508–1515.

17 R. Ravichandran, C. Astrand, H. K. Patra, A. P. F. Turner,
V. Chotteau and J. Phopase, Intelligent ECM mimetic
injectable scaffolds based on functional collagen building
blocks for tissue engineering and biomedical
applications, RSC Adv., 2017, 7(34), 21068–21078.

18 G. M. Whitesides, The origins and the future of
microuidics, Nature, 2006, 442(7101), 368–373.

19 L. Lin and J.-M. Lin, Development of cell metabolite
analysis on microuidic platform, J. Pharm. Anal., 2015,
5(6), 337–347.

20 J. He, L. Zhu, Y. Liu, D. Li and Z. Jin, Sequential assembly of
3D perfusable microuidic hydrogels, J. Mater. Sci.: Mater.
Med., 2014, 25(11), 2491–2500.

21 A. Ghiaseddin, H. Pouri, M. Soleimani, E. Vasheghani-
Farahani, H. Ahmadi Tai and S. Hashemi-Najafabadi,
Cell laden hydrogel construct on-a-chip for mimicry of
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08566a


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
12

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
02

4/
08

/1
6 

13
:5

0:
13

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cardiac tissue in vitro study, Biochem. Biophys. Res.
Commun., 2017, 484(2), 225–230.

22 S. Y. Jeong, J. H. Lee, Y. Shin, S. Chung and H. J. Kuh, Co-
Culture of Tumor Spheroids and Fibroblasts in a Collagen
Matrix-Incorporated Microuidic Chip Mimics Reciprocal
Activation in Solid Tumor Microenvironment, PLoS One,
2016, 11(7), e0159013.

23 J. Nie, Q. Gao, Y. Wang, J. Zeng, H. Zhao, Y. Sun, et al.,
Vessel-on-a-chip with hydrogel-based microuidics, Small,
2018, 14(45), 1802368.

24 F. Akther, S. B. Yakob, N.-T. Nguyen and H. T. Ta, Surface
Modication Techniques for Endothelial Cell Seeding in
PDMS Microuidic Devices, Biosensors, 2020, 10(11), 182.

25 M. E. Smithmyer, L. A. Sawicki and A. M. Kloxin, Hydrogel
scaffolds as in vitro models to study broblast activation in
wound healing and disease, Biomater. Sci., 2014, 2(5), 634–
650.

26 M. C. Cushing and K. S. Anseth, Materials science. Hydrogel
cell cultures, Science, 2007, 16(5828), 1133–1134.

27 H. Adelnia, I. Blakey, A. M. P. J. Little and H. T. Ta,
Hydrogels Based on Poly(aspartic acid): Synthesis and
Applications, Front. Chem., 2019, 7, 755.

28 J. A. Shadish, G. M. Benuska and C. A. DeForest, Bioactive
site-specically modied proteins for 4D patterning of gel
biomaterials, Nat. Mater., 2019, 18(9), 1005–1014.

29 J. Zhu and R. E. Marchant, Design properties of hydrogel
tissue-engineering scaffolds, Expert Rev. Med. Devices,
2011, 8(5), 607–626.

30 Q. Chai, Y. Jiao and X. Yu, Hydrogels for Biomedical
Applications: Their Characteristics and the Mechanisms
Behind Them, Gels, 2017, 3(1), 6.

31 F. Picchioni and H. Muljana, Hydrogels Based on Dynamic
Covalent and Non Covalent Bonds: A Chemistry
Perspective, Gels, 2018, 4(1), 21.

32 W. Hu, Z. Wang, Y. Xiao, S. Zhang and J. Wang, Advances in
crosslinking strategies of biomedical hydrogels, Biomater.
Sci., 2019, 7(3), 843–855.

33 A. S. Hoffman, Hydrogels for biomedical applications, Adv.
Drug Delivery Rev., 2012, 64, 18–23.

34 R. Parhi, Cross-Linked Hydrogel for Pharmaceutical
Applications: A Review, Adv. Pharm. Bull., 2017, 7(4), 515–
530.

35 S. Mantha, S. Pillai, P. Khayambashi, A. Upadhyay,
Y. Zhang, O. Tao, et al., Smart Hydrogels in Tissue
Engineering and Regenerative Medicine, Materials, 2019,
12(20), 3323.

36 S. Chatterjee and P. Chi-leung Hui, Review of Stimuli-
Responsive Polymers in Drug Delivery and Textile
Application, Molecules, 2019, 24(14), 2547.

37 S. Chatterjee and C. H. Patrick, Stimuli-Responsive
Hydrogels: An Interdisciplinary Overview, in Hydrogels—
Smart Materials for Biomedical Applications, ed. L. Popa, G.
M. Violeta and C. E. Dinu-Pirvu, IntechOpen, London, UK,
2018, ISBN 978-1-78985-875-4.

38 H. Almeida, M. H. Amaral and P. Lobão, Temperature and
pH stimuli-responsive polymers and their applications in
This journal is © The Royal Society of Chemistry 2020
controlled and self-regulated drug delivery, J. Appl. Pharm.
Sci., 2012, 2(6), 1–10.

39 O. Erol, A. Pantula, W. Liu and D. H. Gracias, Transformer
Hydrogels: A Review, Adv. Mater. Technol., 2019, 4(4),
1900043.

40 Q. Shi, H. Liu, D. Tang, Y. Li, X. Li and F. Xu, Bioactuators
based on stimulus-responsive hydrogels and their
emerging biomedical applications, NPG Asia Mater., 2019,
11(1), 64.

41 Y. L. Zhao and J. Fraser Stoddart, Azobenzene-based light-
responsive hydrogel system, Langmuir, 2009, 25(15), 8442–
8446.

42 G. Kocak, C. Tuncer and V. Bütün, pH-responsive polymers,
Polym. Chem., 2017, 8(1), 144–176.

43 D. Qureshi, S. K. Nayak, S. Maji, A. Anis, D. Kim and K. Pal,
Environment sensitive hydrogels for drug delivery
applications, Eur. Polym. J., 2019, 120, 109220.

44 A. Buxboim, I. L. Ivanovska and D. E. Discher, Matrix
elasticity, cytoskeletal forces and physics of the nucleus:
how deeply do cells ‘feel’ outside and in?, J. Cell Sci.,
2010, 123(3), 297–308.

45 J. M. Zuidema, C. J. Rivet, R. J. Gilbert and F. A. Morrison, A
protocol for rheological characterization of hydrogels for
tissue engineering strategies, J. Biomed. Mater. Res., Part
B, 2014, 102(5), 1063–1073.

46 D. Fan, U. Staufer and A. Accardo, Engineered 3D Polymer
and Hydrogel Microenvironments for Cell Culture
Applications, Bioengineering, 2019, 6(4), 113.

47 D. E. Discher, P. Janmey and Y.-l. Wang, Tissue Cells Feel
and Respond to the Stiffness of Their Substrate, Science,
2005, 310(5751), 1139–1143.

48 A. M. Kloxin, C. J. Kloxin, C. N. Bowman and K. S. Anseth,
Mechanical properties of cellularly responsive hydrogels
and their experimental determination, Adv. Mater., 2010,
22(31), 3484–3494.

49 M. L. Oyen, Mechanical characterisation of hydrogel
materials, Int. Mater. Rev., 2014, 59(1), 44–59.

50 C. M. Murphy and F. J. O'Brien, Understanding the effect of
mean pore size on cell activity in collagen-
glycosaminoglycan scaffolds, Cell Adhes. Migr., 2010, 4(3),
377–381.

51 M. P. Nikolova and M. S. Chavali, Recent advances in
biomaterials for 3D scaffolds: a review, Bioact. Mater.
Med., 2019, 4, 271–292.

52 J. Rosser, O. Calvo, M. Schlager, M. Purtscher, F. Jenner and
P. Ertl, Recent Advances of Biologically Inspired 3D
Microuidic Hydrogel Cell Culture Systems, J. Cell Biol.
Cell Metab., 2015, 2, 40569161.

53 F. Gentile, L. Tirinato, E. Battista, F. Causa, C. Liberale,
E. M. di Fabrizio, et al., Cells preferentially grow on rough
substrates, Biomaterials, 2010, 31(28), 7205–7212.

54 D.-H. Kim, P. P. Provenzano, C. L. Smith and A. Levchenko,
Matrix nanotopography as a regulator of cell function, J.
Cell Biol., 2012, 197(3), 351–360.

55 N. R. Blumenthal, O. Hermanson, B. Heimrich and
V. P. Shastri, Stochastic nanoroughness modulates
neuron–astrocyte interactions and function via
RSC Adv., 2020, 10, 43682–43703 | 43699

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08566a


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
12

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
02

4/
08

/1
6 

13
:5

0:
13

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
mechanosensing cation channels, Proc. Natl. Acad. Sci. U. S.
A., 2014, 111(45), 16124–16129.

56 N. Gupta, J. R. Liu, B. Patel, D. E. Solomon, B. Vaidya and
V. Gupta, Microuidics-based 3D cell culture models:
utility in novel drug discovery and delivery research,
Bioeng. Transl. Med., 2016, 1(1), 63–81.

57 B. M. Baker and C. S. Chen, Deconstructing the third
dimension: how 3D culture microenvironments alter
cellular cues, J. Cell Sci., 2012, 125(13), 3015–3024.

58 S.-Y. Chen, P. Hung and P. Lee, Microuidic array for three-
dimensional perfusion culture of human mammary
epithelial cells, BioMEMS Biomed. Nanotechnol., 2011,
13(4), 753–758.

59 E. Gottwald, S. Giselbrecht, C. Augspurger, B. Lahni,
N. Dambrowsky, R. Truckenmüller, et al., A chip-based
platform for the in vitro generation of tissues in three-
dimensional organization, Lab Chip, 2007, 7(6), 777–785.

60 J. M. Prot, A. S. Briffaut, F. Letourneur, P. Chafey, F. Merlier,
Y. Grandvalet, et al., Integrated proteomic and
transcriptomic investigation of the acetaminophen
toxicity in liver microuidic biochip, PLoS One, 2011, 6,
e21268.

61 K. M. Mabry, S. Z. Payne and K. S. Anseth, Microarray
analyses to quantify advantages of 2D and 3D hydrogel
culture systems in maintaining the native valvular
interstitial cell phenotype, Biomaterials, 2016, 74, 31–41.

62 L. A. Gurski, N. J. Petrelli, X. Jia and M. C. Farach-Carson,
3D Matrices for Anti-Cancer Drug Testing and
Development, Oncol. Issues, 2010, 25(1), 20–25.

63 R. Edmondson, J. J. Broglie, A. F. Adcock and L. Yang,
Three-dimensional cell culture systems and their
applications in drug discovery and cell-based biosensors,
Assay Drug Dev. Technol., 2014, 12(4), 207–218.

64 B. Carrion, C. P. Huang, C. M. Ghajar, S. Kachgal,
E. Kniazeva, N. L. Jeon, et al., Recreating the perivascular
niche ex vivo using a microuidic approach, Biotechnol.
Bioeng., 2010, 107(6), 1020–1028.

65 A. P. Golden and J. Tien, Fabrication of microuidic
hydrogels using molded gelatin as a sacricial element,
Lab Chip, 2007, 7(6), 720–725.

66 D. H. Park, H. J. Jeon, M. J. Kim, X. D. Nguyen, K. Morten
and J. S. Go, Development of a microuidic perfusion 3d
cell culture system, J. Micromech. Microeng., 2018, 28(4),
045001.

67 Y.-c. Toh, T. C. Lim, D. Tai, G. Xiao, D. Van Noort and H. Yu,
A microuidic 3D hepatocyte chip for drug toxicity testing,
Lab Chip, 2009, 9(14), 2026–2035.

68 K. Jang, K. Sato, K. Igawa, U.-i. Chung and T. Kitamori,
Development of an osteoblast-based 3D continuous-
perfusion microuidic system for drug screening, Anal.
Bioanal. Chem., 2008, 390(3), 825–832.

69 Z. Xu, Y. Gao, Y. Hao, E. Li, Y. Wang, J. Zhang, et al.,
Application of a microuidic chip-based 3D co-culture to
test drug sensitivity for individualized treatment of lung
cancer, Biomaterials, 2013, 34(16), 4109–4117.

70 M. Beer, N. Kuppalu, M. Stefanini, H. Becker, I. Schulz,
S. Manoli, et al., A novel microuidic 3D platform for
43700 | RSC Adv., 2020, 10, 43682–43703
culturing pancreatic ductal adenocarcinoma cells:
comparison with in vitro cultures and in vivo xenogras,
Sci. Rep., 2017, 7(1), 1325.

71 M. B. van Hennik, W. J. van der Vijgh, I. Klein, F. Elferink,
J. B. Vermorken, B. Winograd, et al., Comparative
pharmacokinetics of cisplatin and three analogues in
mice and humans, Cancer Res., 1987, 47(23), 6297–6301.

72 V. van Duinen, S. J. Trietsch, J. Joore, P. Vulto and
T. Hankemeier, Microuidic 3D cell culture: from tools to
tissue models, Curr. Opin. Biotechnol., 2015, 35, 118–126.

73 B. Gumuscu, H. Albers, A. van den Berg, J. Eijkel and A. van
der Meer, Compartmentalized 3D Tissue Culture Arrays
under Controlled Microuidic Delivery, Sci. Rep., 2017,
7(1), 3381.
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