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ABSTRACT: The complex interaction of cells with biomaterials (i.e., materiobiology) plays
an increasingly pivotal role in the development of novel implants, biomedical devices, and
tissue engineering scaffolds to treat diseases, aid in the restoration of bodily functions,
construct healthy tissues, or regenerate diseased ones. However, the conventional approaches
are incapable of screening the huge amount of potential material parameter combinations to
identify the optimal cell responses and involve a combination of serendipity and many series
of trial-and-error experiments. For advanced tissue engineering and regenerative medicine,
highly efficient and complex bioanalysis platforms are expected to explore the complex
interaction of cells with biomaterials using combinatorial approaches that offer desired
complex microenvironments during healing, development, and homeostasis. In this review,
we first introduce materiobiology and its high-throughput screening (HTS). Then we
present an in-depth of the recent progress of 2D/3D HTS platforms (i.e., gradient and
microarray) in the principle, preparation, screening for materiobiology, and combination
with other advanced technologies. The Compendium for Biomaterial Transcriptomics and high content imaging, computational
simulations, and their translation toward commercial and clinical uses are highlighted. In the final section, current challenges and
future perspectives are discussed. High-throughput experimentation within the field of materiobiology enables the elucidation of the
relationships between biomaterial properties and biological behavior and thereby serves as a potential tool for accelerating the
development of high-performance biomaterials.
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1. INTRODUCTION

Faced with an ever-increasing burden of disease, congenital
abnormalities, and accidents each year, tissue engineering and
regenerative medicine (TERM) hold great promise to repair or
replace tissues or even entire organs on demand for a better
quality of life, which has been gaining widespread attention.1−7

In human tissues and organs, every cell is exposed to an
intricate 3D network of nanofibers and specific molecules or
components named the extracellular matrix (ECM), which is
composed of proteins and glycosaminoglycans.8,9 For that
reason, numerous research groups have been trying to design
and develop biomaterials that include features (Figure 1) of
the ECM (biochemical or physicochemical) or reconstruct its
interface based on recent discoveries about the macro-/
micro-/nano-/molecular-level architecture of the natural ECM
and its interaction with cells to treat, repair, or regenerate
tissue and its functions for basic biological studies and clinical
applications.10−13

“Biomaterials are those materialsbe it natural or synthetic,
alive or lifeless, and usually made of multiple components
that has been engineered to interact with biological systems for
a medical purposeeither a therapeutic (treat, augment,
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repair, or replace a tissue function of the body) or a diagnostic
one.”.14,15 Previously, biomaterials have been considered as a
passive supporting substrate in which the resident cells were
regarded as the major actors. Biomaterials are undoubtedly
increasingly recognized as a bioactive structure, which offers
structural, mechanical, and compositional signals that can
direct cell activities and functions in the natural process of
tissue regeneration.16,17 Biomaterials play a pivotal role in the
development of implants, biomedical devices, and tissue
engineering scaffolds to treat diseases, aid in the restoration
of bodily functions, or construct healthy tissues or regenerate
diseased ones.18,19 While not too long ago, inert biomaterials
were thought to be the best approach not to intervene with
biological processes, in fact, there is no such thing as inert. It
was found that cells are inherently sensitive to their
surrounding microenvironment including (bio)materials, any
material for that matter, and cells respond to the properties of
these materials (Figure 1) such as the physical cues (e.g.,
mechanical properties, wettability, 2D topography, and 3D
geometry), (bio)chemical signals (e.g., material component
and ECM proteins), or other stimuli.5,20 It is well documented
that these biomaterial properties can regulate cell behaviors
(e.g., cell adhesion, migration, proliferation, and the self-
maintenance or differentiation of stem cells) and tissue/organ
functions. Initially, most of these studies used independent
substrates with different and randomly selected biomaterial
properties, which provided interesting yet limited information.
The conventional approaches are incapable of screening the
huge amount of potential material parameter combinations to
identify the optimal cell responses, and involves a combination
of serendipity and many series of trial-and-error experiments.
For TERM, highly efficient and complex bioanalysis platforms
are expected to explore smart and biomimetic biomaterials that
offer desired complex microenvironments during healing,
development, and homeostasis.21

With the advent of new fabrication technologies and
advanced analytic equipment, high-throughput screening
(HTS) platforms (e.g., gradient and microarray) provide an
ideal strategy to analyze thousands of combinations of
interactions among biomaterials, biomolecules, and cells for
cell−material interaction and drug screening.21−30 Numerous
research groups developed gradient surfaces with different
material features (e.g., topography, stiffness, wettability, or
chemical/biochemical composition) to successfully identify the
optimal cell responses (such as adhesion, spreading, pro-
liferation, and differentiation)31−39 and study cell-directed
migration (e.g., topotaxis, chemotaxis, and durotaxis).40−49

The microarray also offers a powerful platform for the high-
throughput assessment of material-cell interactions or bio-
molecular influences (e.g., DNA, growth factor, etc.) by
presenting a single substrate at specific addressed loca-
tions.21,50 From the point of dimension, conventional 2D
HTS platforms provided valuable information and great insight
into key cell−material interaction mechanisms responsible for
cellular events. As compared to 2D platforms, 3D HTS
platforms can mimic certain physiological properties of the in
vivo 3D microenvironment. This HTS approach is time and
cost-efficient, expedites analysis procedures, combines multiple
factors on a single platform, elicits more accurately the
optimum material conditions for promoting cellular processes,
and minimizes systematic or methodological errors. Revolu-
tionary advances provide a better understanding of the
structure−function relationships between surface properties

and biological performance and identify the optimal condition
for cell response. These approaches enable researchers to
precisely adjust cell responses by optimizing the features of
biomaterials, accelerate the development of high-quality
biomaterials and then propel the clinical translation of
biomaterials.
Although 2D and 3D HTS platform technologies have been

developing rapidly, it remains a huge challenge to collect and
analyze big data efficiently and accurately. Recently, HTS
platforms based on microfluidics offer important advantages
over conventional analysis systems, for example, integration of
sensors for direct readout, higher reliability, and the possibility
to enhance the throughput of screening by utilizing
parallelization, multiplexing, and automation.24 Microfluidics-
based HTS platforms may result in more breakthrough
discoveries in both fundamental research and clinical
application. In addition, array/grad-wellplates (array or
gradient surfaces integrated into commercial well plate
technology) were developed, which consists of a standard
well plate with bottoms containing arrays or gradients.51−54

The array/grad-wellplate offers several key merits compared to
the prior technologies, including preventing cross-communi-
cation of cells and cross-contamination of soluble factors,
incorporate high throughput assays such as ELISA, as well as
allowing for robotic liquid handling and implementation of
multiwell plate-based instrumentation. Importantly, the array/
grad-wellplate enables straightforward studying of synergetic
effects of drugs/biomolecular (gene, protein, enzyme) and
material properties, to identify the optimal conditions.
Therefore, combinatorial HTS platforms with real-time
detection and high-content analysis systems are being
developed for deeper exploration of the interactions between
cells and biomaterials, which significantly advances the field of
biomaterials for specific target applications. It is expected that
the true success of HTS platforms will rely on their translation
toward commercial uses and the clinic, for example, drug
discovery, toxicology, pharmaceutical science, and cellular
therapies.
Clearly, high-throughput platforms enable measuring hun-

dreds of parameters and conduct thousands of experiments at
relatively low cost, which offer valuable and powerful tools for
deciphering cell−material interactions. However, subsequent
investigations have raised more questions than they answered,
especially facing with massive amounts of information and
data.55 Recently, computational simulations based on machine
learning algorithms and mathematical modeling were used to
deal with these data that relate the biomaterial properties as
input to the cell behaviors as output.56−58 More holistic
biological knowledge can be generated when biological-omics
approaches are performed on cells that are in contact with
biomaterial. With the advent of next-generation sequencing
and the ready availability of commercial options to produce
transcriptomics data, more and more researchers perform
transcriptomics analysis. New biological mechanisms have thus
been uncovered59 and give mechanistic insight into the
molecular biology behind material-induced responses. One of
the strengths of -omics experiments is that a high degree of
standardization in the generation of the data has been achieved
by the industry, and a lot of open-access software is available
for data analysis. The next challenge for the field of material
engineering is to achieve an equally high level of stand-
ardization in material characterization, or in other words, the
metadata describing the biomaterials analyzed in tran-
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scriptomics experiments should be well registered. To this end,
a publically available database was created and named The
Compendium for Biomaterial Transcriptomics (cBiT).60 It
allows researchers to search, select, and download materiobi-
ology data as well as invite scientists to contribute their data to
cBiT. Cloud platform, even materiobiology genome, could be
built to help scientists to pose explicit hypotheses or make
predictions of biomaterial parameters as a function of cell
response.
In this review, we first introduce materiobiology and its

HTS. Then we present an in-depth of the recent progress of
2D/3D HTS platforms (i.e., gradient and microarray) in the
principle, preparation, screening for materiobiology, and
combination with other advanced technologies. cBIT and
high content imaging (HCI), computational simulations, and
their translation toward commercial and clinical uses are
highlighted. In the final section, current challenges and future
perspectives are discussed.

2. MATERIOBIOLOGY

Until now, it is well-demonstrated that there is a close
correlation between material features and biological re-
sponses.5−7 Increasing evidence has indicated that the
physicochemical properties of biomaterials can decide cell
survival, adhesion, morphology (e.g., cell shape, spreading,
elongation, and alignment), proliferation, stiffness, migration,
function, the pluripotency or differentiation of stem cells as
well as even tissue repair and regeneration. Recent advances
have reached a consensus view that manipulating the
properties of implantable materials, such as biophysical and
biochemical cues, can precisely regulate cell responses ranging
from the macroscopic to the molecular level.12,61−63 On the
basis of the information above, Li and co-workers proposed the
concept of “materiobiology”: “Materiobiology is a scientific
discipline that studies the biological effects of the properties of
biomaterials on biological functions at different levels (e.g.,
cells, tissues, organs, and the whole organism)”.7 The
presentation of this new concept further highlights and
motivates the synergism between cell biology and biomaterial
technologies that jointly accelerate the clinical and commercial
translation of biomaterials.

2.1. Biophysical Cues Eliciting Cell Responses

The biophysical cues of biomaterials, including topography and
stiffness, serve as an important indirect signal (Figure 1), which
can be sensed at the cell membrane receptors and initiate
intracellular signaling cascades through mechanosensing and
mechanotransduction.64−67 These cues are increasingly con-
sidered as key mechanical regulators of cell fate and tissue
regeneration. These cues can be transduced into intracellular
biochemical information through the integrin-focal adhesion
cytoskeleton actin transduction pathway, and vice versa the
intercellular signals can be transformed back to dynamic
mechanical signals (e.g., traction forces). Therefore, the degree
of biophysical cues from biomaterials independently or
synergistically can mediate cell behavior, function, and fate.

2.1.1. Stiffness Eliciting Cell Response. Tissues in the
human body have various mechanical characteristics ranging
from soft (brain, ∼0.1 kPa), to moderately stiff (skin and
muscles, ∼10 kPa) and stiff (precalcified bone, >1 GPa).68,69

The mechanical features of the ECM in which cells reside were
found to be correlated with cell adhesion, morphology,
stiffness, proliferation, migration, and differentiation.70,71

Biomaterial stiffness has been regarded as an important
regulator for cell fate.63 It was found that cell spreading and
stiffness increased with increasing substrate stiffness, because
cells on a stiffer substrate induce the maturation of focal
adhesions and reorganize their actin cytoskeleton into stress
fibers.64 Also, it was found that cells can recruit nearby fibers
on lower stiffness substrates via cellular forces, which increased
ligand density at the cell surface and thereby facilitated the
generation of FAs and cell spreading.70,72 Interestingly, the
effects of biomaterial stiffness on cell behaviors were
dependent on cell types.73 For instance, neutrophils are not
sensitive to the substrate stiffness at all.70,74 For the
proliferation, fibroblasts, endothelial cells, and epithelial cells
displayed better proliferation on stiffer surfaces, whereas neural
stem cells showed enhanced proliferation on softer substrates,
likely due to the softer brain tissue.75 Engler et al. reported that
MSCs displayed different morphologies and phenotypes when
cultured on polyacrylamide (PAAm) substrates with stiffness
ranging from 1 to 40 kPa.76 MSCs cultured on a soft substrate
(1 kPa) induced more specific neuronal cytoskeleton markers

Figure 1. Variables within the cell−microenvironment interface can invoke a biological response and decide cell fate in the process of tissue repair
and regeneration.
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(ß-3-tubulin), whereas cells on stiffer samples (11 and 34 kPa)
showed expression of early myogenic and osteogenic tran-
scription factors, such as MyoD and CBFα-1, respectively. In
addition, changing the substrate stiffness could influence
noninvasive gene delivery, regulating a cell’s ability to uptake
exogenous molecules.77 Taken together, engineered topo-
graphical and mechanical cues on substrates are powerful tools
for directing cell interactions with the ECM.
2.1.2. Topography Eliciting Cell Response. For

biomaterial topographical cues, there are different scales (i.e.,
macroscale, microscale, and nanoscale), patterns (i.e., isotropic
and anisotropic), etc.65,78−80 It is well-known that in the body,
tissues and organs have specific macro-shapes/sizes, such as
ear, nose, skin, bone, and heart. Proper macroscale design for
tissue engineering scaffolds is highly important because the
shape and size can influence the integration with adjacent
tissues, the efficiency of tissue repair and regeneration, which
can be conveniently fabricated by custom-designed molds or
computer-aided additive manufacturing technologies (e.g., 3D/
4D printing). In the natural ECM, there is a highly porous
microstructure with water and soluble factors filling.8,9,16

Biomimetic materials with a microporous structure can not
only provide a large surface area for cell adhesion, but also
enable efficient transport of nutrition and waste as well as
allowing cells to grow into the scaffold for generating real
tissues. In detail, some key porous features, such as porosity,
pore size, and interconnectivity, have been demonstrated to
have significant effects on cell responses.81 Generally, the
improvement in pore size, porosity, or interconnectivity is able
to enhance cell ingrowth, ECM secretion, stem cell differ-
entiation, tissue formation, soluble factor diffusion, and
vascularization. The optimal range of pore size varies for
specific cells and tissues. For instance, the range of pore size
with 200−400 μm was demonstrated to be effective for the
repair and regeneration of bone tissue.82 The pore size of 50−
200 μm was appropriate for the growth of smooth muscle
cells.83 In vivo, macrophages tended to the pro-inflammatory
type M1 macrophage polarization induced by the scaffolds

with a pore size above 80 μm.84 Nanoscale pores with the high
specific surface area could facilitate cell attachment.85 In
addition, it was reported that 90% porosity in the
interconnected porous structure is ideal for the flow of
nutrients, cell penetration, ECM deposition, and thereby
promoting the growth of peripheral nerve and neovasculariza-
tion.86 The 3D printed scaffolds and hydrogels are often used
as microporous materials. Further, ultrastructural analysis of
the native ECM in tissues indicates that the framework is
composed of fibers with different diameters and structures.
Fibrils varying in diameter are from a few nanometers to ∼150
nm and actual fiber bundles from several hundred nanometers
to ∼400 μm in diameter.87−89 Nanoscale structural features
have been widely applied in the biomedical fields owing to
their ECM like structure, high surface area, structural diversity,
favorable biological properties, and sufficient mechanical
strength, which can significantly affect cell adhesion,
morphology, proliferation, migration, and differentiation, as
well as subcellular structures. The diameter of nanofibers can
significantly affect cell behaviors. However, the ideal size of
nanofiber for different types of cells and conditions varies
substantially. For instance, it was found that the adhesion of
human mesenchymal stem cells on the fibers with 1 μm
diameter was better than that of 500 nm fibers,90 while the
fibroblast 3T3 adhesion on the fibers with 425 nm diameter
was more as compared to the fiber samples with 641 and 900
nm.91 The elongation of human endothelial cells on the fibers
with 1−5 μm was more than that of nanofiber films with 10−
200 nm.92 The formation of calciumphosphate in osteoblasts
cultured on 60 and 100 nm carbon fibers was greatly enhanced
as compared to those on 125 and 200 nm fiber.93 Strategies for
preparing nanostructures include phase separation, lithogra-
phy, electrospinning, and self-assembly.94

In addition to the material dimension, topographical
patterns are critical to cell fate. There are two kinds of tissues
depending on the ECM organization, that is, isotropic and
anisotropic tissues.88,95 Anisotropic ECM structures and their
interaction with cells have induced great interest among

Figure 2. Schematic diagram of the interactions between cells and biointerface/matrix.
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investigators. As demonstrated, anisotropic micro/nanotopog-
raphies (e.g., groove, grating, wrinkle, aligned fibers, etc.) that
replicate the natural ECM in vivo of anisotropic tissues (e.g.,
blood vessels, nerve, cardiac muscle, tendon, and ligament),
can regulate cell morphology (alignment and elongation),
migration, ECM reorganization, and differentiation through
contact guidance.96,97 For instance, aligned nanofibers offered
specific contact guidance for tendon fibroblasts, oriented the
cells, and promoted the secretion of ECM into an ordered
structure.98 Also, smooth muscle cells cultured on aligned
fibers expressed more contractile-related genes compared to
those on the random fibers.99 Also, the size of aligned
topography can greatly affect cell behaviors.34,100

In the past few decades, conventional two-dimensional (2D)
cell culture systems as a simplified approach have provided
fundamental insights in decoding the effects of biochemical
and biophysical cues on cell fate due to the relatively high
accessibility and reproducibility (Figure 2). Till now, the most
frequently used substrate culturing cells is rigid polystyrene
tissue-culture plastic (TCP). However, in vitro 2D culture
conditions do not fully capture the physicochemical features
experienced by cells in the body.101 Increasing evidence
suggests that cells cultured on 2D surfaces differ significantly
from those grown in vivo. As compared to 2D substrates,
bioinspired 3D geometry that recapitulates as many aspects of
the natural ECM as possible, provides combinative biochem-
ical/physical cues to mediate cell responses (Figure 2).102 For
instance, the speed and direction of cell migration on 2D
substrates are mediated by the actin cytoskeleton, integrin-
related attachment, and myosin-associated contraction. How-
ever, cell migration in a 3D geometry is complicated, involving
surrounding stiffness, the excitation of the nuclear piston,
microtubule dynamics, etc. In addition, cell culture-related
factors (such as medium, oxygen, growth factors, and
differentiation inducer) on 2D substrates can undergo free
diffusion, while these factors can be limited in a 3D geometry,
generating gradients (Figure 2).62 Also, dynamic mechanos-
tructural changes play a critical role in mediate cell responses
in embryonic development as well as tissue repair and
regeneration. The development of 4D biomimetic matrices
respond to external stimuli, for example, heat, light, and
magnetic fields, gained much attention in biomedical engineer-
ing.103

2.2. Biochemical Cues Eliciting Cell Response

In addition to (bio)physical parameters, the (bio)chemical
cues on biomaterials can significantly affect cell responses
(Figure 1), such as cell adhesion, morphology, migration,
proliferation, and differentiation.5,7,12,104 Therefore, the chem-
ical modification of biomaterials provides the potential to
govern cell behaviors.
Natural ECM contains many bio(macro)molecules, such as

glycoproteins, proteoglycans, glycosaminoglycans, collagens,
laminins, and growth factors, which have the ability to enhance
cell−ECM adhesions via integrin binding.9 They can be used
to improve most synthetic materials without adhesion ligands.
Particularly, as compared to the use of diffusible growth
factors, immobilized growth factors in biomaterials may enable
prolonged delivery of growth factors, resist enzymatic
degradation, and modulate specific growth factor bioactivity
and signaling.105,106 Therefore, optimizing the chemical
properties of biomaterials via growth factor or peptide
immobilization is a key design consideration. Cell adhesion

can also be controlled by the direct decoration from small
molecules, such as peptides, and oligosaccharides.107,108 In
addition, some biopolymers, such as collagen and its derivative
(gelatin), alginate, chitosan, hyaluronic acid (HA), etc., can be
fabricated into hydrogels as a 3D scaffold.109

The chemical functional groups on biomaterials can
significantly influence the mass and conformation of the
adsorbing proteins and then regulate cell response, which plays
a critical role in the subsequent cellular behaviors.110,111 When
biomaterials are placed into a biological environment, cells will
not directly respond to the material surface but always via a
protein conditioning film that originates from either the culture
medium supplemented with fetal bovine serum (FBS) or
proteins from biological fluids such as blood, saliva, etc. This
protein adsorption is generally much faster than the cell
adhesion events and hence any alterations in this film will
directly affect cellular behavior.112

Generally, different chemical functional groups on bio-
materials have various performances, such as wettability,
solubility, reactivity, charge, and so on. Surface wettability,
indicating interface energies of the biomaterial surface
(quantified as water contact angle, WCA), has previously
been correlated with protein adsorption and cell behav-
ior.110,111 Wei and co-workers investigated the effect of surface
wettability on competitive protein adsorption (albumin, Alb;
fibronectin, Fn) and found that Fn adsorbed more on
hydrophilic surfaces, whereas Alb predominantly adsorbed on
hydrophobic surfaces. The initial attachment of osteoblastic
cells increased with increasing surface wettability, which
correlated well with Fn adsorption in the competitive
mode.113 In addition, surface wettability is critical for cell
spreading and differentiation. Generally, cells have good
spreading, proliferation, and differentiation on hydrophilic
surfaces. Mouse osteoblasts on hydrophilic surfaces ranging
from 24 to 31° WCA, showed higher metabolic activity and
expressed more osteogenic proteins (alkaline phosphatase
(ALP) and osteocalcin (OCN)) than those on unmodified
counterparts (WCA 72°).114

Surface wettability originating from material chemical
functionalities (e.g., positive, negative, or neutral) can affect
protein adsorption and then mediate cell response. For
instance, Lee and co-workers described how alkylsilane self-
assembled monolayers (SAM) with different functional groups
(OH, COOH, NH2, and CH3) affected

125I-labeled fibronectin
adsorption where at pH 7, COOH is actually COO- and NH2
becomes NH3

+ while OH remains unaffected. They found the
adhesion constant and binding efficiency of the adsorbed Fn
for the α5β1 integrins (CH3 ≈ NH2 < COOH ≈ OH).
Fibronectin interacted more strongly with α5β1 integrins when
adsorbed on COOH versus OH surfaces suggesting that
negative charge may be a critical component of inducing
efficient cellular adhesion.115 The above studies indicate that
the specific biomaterial chemistry plays a major role in
protein/cell−material interaction and this chemistry is
reflected by the numerous different synthetic polymers and
inorganic materials used as biomaterials. In addition, it
illustrates that relatively simple concepts such as wettability,
are far more complex with large consequences for cell−
material interactions. Therefore, solely relying on wettability
measured using WCA and indicating it as the main
contributing factor to cell response is therefore debated and
said not to be the most reliable approach.116 In fact, this
increased complexity for seemingly simple attributes also holds
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for mechanical properties, topographical cues, and many
others.

2.3. Mechanism of Materiobiology

Specific biological response induced by robust spatiotemporal
control of biophysical and biochemical cues by biomaterials
through mechanisms that are not yet fully understood, remains
an open challenge. To date, it has been reported that in the
mechanotransduction key processes are focal adhesions
(bundles of integrin receptors), cell−cell interactions (such
as E-cadherins), mechanosensors (such as talin), and nuclear
signaling elements (such as the YAP, the YAP-transcriptional
coactivator (TAZ) and lamin A/C).62 Cells sense physical
stimuli on biomaterials mainly via the integrin-based signaling
pathways. The basic process is that the interactions between
cells and (bio)materials activate the integrin-focal adhesion
cytoskeleton actin transduction pathway, stimulating cytoske-
letal tension exerted by myosin motors, driving actin filament
polymerization, inducing cell morphology deformation and
associated signaling cascades that thereby alter gene expression
to regulate cell functions and promote tissue regenera-
tion.63,71,117 Initially, integrin clusters directly in contact with
biomaterials, collect the biointerface information, activate focal
adhesion kinase (FAK), induce the maturation of focal
adhesions, and stimulate actin filament growth and actin−
myosin assembly. In spite of various features on biomaterials, a
common contractility-based effect that mediates (stem) cells
toward specific responses depends on the degree of activation.
In addition, integrin-adhesion-ligand bonds as morphology-
independent sensors are pivotal to govern cell fate by designing
materials for medical applications. As demonstrated, inhibition
of the generation of cytoskeleton actin by blebbistatin renders
cells unable to react to biomaterial effects.118 In addition, the
cells can adhere to specific substrates through an integrin-
independent mechanism because these substrates inhibit
protein adsorption.119,120 In other words, these substrate
surfaces were exposed to cells, allowing direct cell−interface

interaction. The adhesion force between integrin-independent
and integrin-dependent mechanisms would likely be differ-
ent.120 Generally, the anchoring strength of cells following an
integrin-independent mechanism was lower than that of cells
following an integrin-dependent mechanism. It was reported
that the expression of key transcription factors is related to the
properties of biomaterials. For instance, cell contraction against
substrates with various stiffness or topographies induce
different nuclear localization of the transcription factor Yes-
associated protein (YAP)/Tafazzin (TAZ),121−123 guiding cells
into an osteogenic differentiation. In addition, the biomaterial
stimulus mediates integrins and then influences the expression
of the associated signaling proteins, for example, Ras
homologue gene family member A (RhoA)), which regulates
myosin contraction through myosin light chain kinase (MLC)
and rho kinase (ROCK) and ultimately modulates cell
responses.118,124,125

2.4. Design of Experiments (DOE)

The biomaterial design space is very vast and continues to
increase as new discoveries are made, including material
stiffness, topography, chemistry, degradation rates, etc., which
can be arranged in a combinatorial way. Even though recent
progress in efficient 2D/3D high throughput screening
platforms allow us to screen thousands of conditions in
parallel and are generating more data both on the material
(e.g., polymer and material gradient arrays) as well as the
biological (e.g., high content imaging and gene expression
microarrays) side of the cell−biomaterial interface, it is
essential to properly design these advanced bioanalysis
platforms to maximize the resulting information.126,127

Design of Experiments (DOE) is a methodology to
investigate the relationship between experimental variables
(also called “factors”) and outcomes.128 The purpose of DOE
is to find a suitable experimental design, meaning a number of
factor combinations to be tested experimentally, that will
maximize the amount of information about the influence of the

Figure 3. Schematic overview of different experimental designs for two factors x1 and x2, including a table of the experimental runs to be performed.
(a) OAT design, (b) two-level full factorial design, (c) three-level full factorial design, (d) three-level fractional factorial design. Note that for the
OAT-design it is assumed that the intermediate level (0) is the standard level. −1 refers to the low level and +1 refers to the high level of a
particular factor.
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factors on the outcome while minimizing the costs (i.e., the
number of experimental conditions). Importantly, in some
cases, it is not known which experimental variables influence
the outcome. Under those circumstances, DOE can help
design the first experiment with putative factors, from which
the most influential ones are determined, followed by a second
experiment to analyze those influential experimental variables
and their potential interactions in more detail.
The DOE method consists of three steps: (1) determine a

suitable experimental design, (2) perform the experiment with
the proposed factor combinations, and (3) analyze the results
and draw conclusions.129 A number of experimental designs
are available; here we will focus on one-at-a-time analysis, full
and fractional factorial designs to illustrate the concepts of
DOE. We refer the interested reader to more dedicated and
advanced resources for more details.128,130−133

The simplest design is a one-at-a-time (OAT) analysis,
which uses a reference condition and then changes each factor
individually to higher and lower values, while keeping the other
factors constant at the reference value (see Figure 3a). The
importance of a factor is determined from the difference
between the outcome for the high and low factor value. The
main advantage of the OAT design is its simplicity and the fact
that it requires a limited amount of experiments (i.e., twice the
amount of factors studied). The main disadvantage of the OAT
design, however, is that it is impossible to investigate the
interactions between factors.
To determine the experimental variables (and their

interactions) that have a significant influence on the outcome,
a screening experiment can be performed where one or several
outcomes are measured. In screening studies, full factorial or
fractional factorial designs are commonly used.128 Factorial
designs are classified depending on the number of levels that
are chosen for each factor: for example, in two-level designs,
two different levels, a high (+) and a low (−) level, are chosen;
in three-level designs, a high (+), low (−), and an intermediate
level (0) are chosen. In full factorial designs all possible
combinations are examined (see Figure 3b,c). The advantage
of full factorial designs is that the effect of each factor can be
studied, as well as all potential interactions between factors.
The main disadvantage is the high amount of experiments and
the associated costs. For example, if one wants to investigate
seven factors, each at three levels, this would require 37 or
2187 experiments.
However, in most investigations, it is reasonable to assume

that the higher-order interactions between factors are very
small and negligible. As such, if one only wants to estimate the
mean value, the influence of the main factors and the second-
order interactions, fewer experiments are needed if a suitable
set of experimental combinations are chosen.128 A fractional
factorial design is thus a trade-off between experimental cost
and accuracy and is often used to identify a subset of most
influential factors that require more extensive investigation
(see Figure 3d).
Once a suitable design has been set up and all the required

experimental combinations have been performed, the results
need to be analyzed. Analysis of Variance (ANOVA) is suited
for analyzing the outcome of a full or fractional factorial design,
although other analysis methods are available (see chapter 8).
Also, there exist various computer software programs to help
create as well as analyze experimental designs, such as JMP,134

Minitab,135 Design-Expert,136 MODDE,137 or open-source,
free packages in R138 and Python.139

3. HT SCREENING IN MATERIOBIOLOGY
Biomaterials possess many physicochemical parameters that
are being studied independently as well as in a combinatorial
fashion to better understand the interaction with biological
systems. These studies, together with the emergence of
completely new biomaterials, and the complexity that arises
from the many biological and biochemical possibilities poses as
a tremendous challenge and may not be addressed using
conventional strategies. Particularly as conventional scientific
approaches one start with a hypothesis on whether a specific
property has a particular influence on a biological behavior.
However, when there is a tremendous amount of variations
with many codependent parameters, starting with a clear
focused hypothesis is useless due to the lack of specific
knowledge to make an educated initial assessment. At such a
stage, HT screening comes in, as there is no assumption
specific knowledge because that knowledge is obtained by
generating large amounts of data in an unbiased fashion from
which one can derive a clear understanding in what area
refinement of research focus is required. This refinement with
lead to a more focused research question. With the advent of
new fabrication technologies and advanced analysis strategies,
high-throughput (HT) screening systems, including HT
screening substrates (gradients and microarrays), HT data
collection, HT analysis software, and in silico assessment,
provide an ideal strategy to determine thousands of
combinations of interactions among biomaterials, biomole-
cules, and cells for cell−material interaction and drug screening
(Figure 4). Particularly, when there is a poor theoretical basis

with which to predict the response to a certain material based
on structure/chemical composition.21−30 This approach is
particularly relevant to biomaterial engineering for cell-based
strategies, as there is currently no broad theoretical relationship
between material composition and cellular response. In a time
when it is becoming increasingly apparent that reproducibility
in science is not as high as it ought to be, automated strategies
have the potential to bridge the reproducibility gap.140 Equally,

Figure 4. Schematic diagram of the combinations of HT screening,
materiobiology genome, as well as tissue repair and regeneration.
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assembling multicomponent cellular microenvironments gen-
erates such a large design space that only high-throughput
methods allow for their efficient exploration. Finally, the
discovery process generates large databases of material
structure-cell performance data, allowing insight into be gained
into the controlling relationships between material physico-
chemical properties and cell phenotype. Discovery and
mechanistic insight are not mutually exclusive pursuits, but
rather highly complementary strategies currently being
combined to generate in silico models and, ultimately, further
increase the design space available to biomaterial engineer-
ing.116

4. GRADIENT-BASED HTS APPROACHES FOR
BIOMATERIALS DISCOVERY AND
MATERIOBIOLOGY

As indicated before, physicochemical properties at the
biointerface can influence cellular behavior such as adhesion,
spreading, migration, proliferation and differentiation.70,141−143

The proper control over physical properties and the testing of
cell behavior is much easier on 2D samples than in a 3D
environment. Therefore, HTS approaches for in vitro testing of
cell responses toward certain parameters have been developed.
Using systematical changes in material composition111 or
topography144 is time-consuming and costly and hence
alternative methods are developed as the preparation of
numerous single samples is highly labor-intensive. One of the
alternatives used approaches to study cell−material inter-
actions more efficiently is the use of surface gradients. A
surface gradient is a surface, on which one parameter changes
gradually from one side to the other. This gradual change
between a minimum and a maximum value allows for
systematical testing of a parameter using only one sample
making it more cost and time-efficient than individual
samples34,100,145,146 (Figure 5a). The working principle of

gradients is simple as one can image and analyze cells in a
regular fashion without complicated procedures. However,
there are a few working principles that need to be followed.
Cell seeding requires to be homogeneous. Cells migrate and
attach in response to surface properties. Therefore, deviations
in cell density should arise from either of them and not be
artificially induced by cell seeding inconsistencies. Another key
feature is awareness of the location on the surface. While the
location on a surface is conventionally trivial, on a linear
gradient changing the location will alter the magnitude of a
parameter when going in the direction of the gradient.
Alternatively, no change in magnitude is occurring when
moving perpendicular to the gradient direction. To always
keep track of the surface location is pertinent, as minor changes
will result possibly in a different cell−material interaction. It

goes without saying that on the forehand, the parameter
development along the gradient needs to be very carefully
determined. To avoid any potential mismatches between
location and cell response, one can choose to image the whole
surface and all cells on it, which will provide the possibility of
postdetermination of location when a reference point is
known. This approach is particularly useful when systems as
orthogonal double gradients are being used where the
magnitude of two surface parameters change in all direction.
Hence, gradients are powerful in generating many insights but
require delicate and highly systematic approaches in their use.
These surface gradients can be produced by changing

different physicochemical properties over this surface. This
distinct parameter can then be tested toward cell response
using only a single sample (Figure 5b). Where changing one
parameter is already a huge improvement over separate
samples, a two-parameter gradient can give exponentially
more information. In a double orthogonal gradient approach,
the influence of parameter combinations can be determined,
which is not possible using a single surface gradient approach.
Where the influence of one physicochemical parameter was
already shown, the combinatorial effect of two or more at the
same time is still relatively less reported. This section focuses
on the preparation and use of gradients for studying cell−
material interactions in a high-throughput fashion.

4.1. Preparation Approaches of Gradients for Studying
Biointerfaces

Researchers have used high-throughput approaches to quantify
cell response to many material properties in a single
experiment. These efforts have led to the development of a
wide range of combinatorial methods including libraries on
surfaces (2D), and in 3D scaffolds. In this part, we focus on the
preparation methods and developments of gradient surfaces
with different single and double parameters used for high-
throughput approaches.

4.1.1. Gradients as 2D Biointerfaces. Generally, cellular
microenvironmental signals can be categorized into physical
and (bio)chemical cues. Physical signals include substrate
mechanical properties and topography. Material chemical
composition, soluble growth factors, the biochemical compo-
sition of ECM, and cell−secreted proteins are examples of
(bio)chemical cues.

4.1.1.1. Stiffness Gradients. A variety of materials, including
polyacrylamide (PAA), polydimethylsiloxane (PDMS), poly-
ethylene glycol (PEG), and HA, have been adopted to prepare
stiffness gradients for studying cell behaviors.38 Table 1
summarizes the various materials and methods for preparing
the stiffness gradient, and representative schematic diagrams
are shown in Figure 6.
To prepare stiffness gradients, researchers have proposed

various methods, for example, gradual freeze−thaw by liquid
nitrogen (LN2)

38,147 (Figure 6A), heat gradients within
polymerizing PDMS148 (Figure 6B), the incorporation of
particles within a hydrogel,40 and controlled dipping into a
cross-linking solution.39 Lee and co-workers reported poly-
(vinyl alcohol) (PVA)38 and PVA/HA147 stiffness gradients via
gradual freeze−thaw by LN2. Liquid PVA can be converted
into hydrogels by the generation of crystallites.149 During the
process of freezing, ice facilitates the increase of crystallinities,
which is beneficial for the cross-linking of polymer chains.
Gradual freezing (freezing time and temperature) produced a
stiffness gradient within the hydrogel. This method is simple

Figure 5. (a) Schematic illustration of a 2D surface gradient and the
advantages over single sample measuring. (b) Illustration of cellular
responses to a physicochemical parameter on a surface gradient.
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without the addition of harmful agents, complex machines and
procedures, but allows for the generation of a wide stiffness
gradient with similar chemical property.38

Other techniques for preparing stiffness gradient involve
photoinitiators and a patterned150,151 or a moving photo-
mask.152,153 UV will give rise to radical polymerization within
polymers. Therefore, the degree of cross-linking relies on light
density, which could be adjusted by utilizing a photomask.151

Sunyer et al. fabricated a PAA hydrogel containing a linear
gradient (115 kPa/mm, 1−240 kPa) involving the photo-
polymerization of films covered with a mask.153 Although this
method is easy to implement, the low resolution of the mask is
not good for the accurate regulation of stiffness.153 In fact,
investigations based on photomasks have shown poor
repeatability.154 In addition, the toxicity from prepolymer
and cross-linker are also considered as the potential
limitations.155−158

4.1.1.2. Topography Gradients. Soft lithography (micro-
contact printing), capillary force lithography (CFL), photo-
lithography (hard lithography), photopolymerization, and
shielded plasma oxidation methods are typical methods used
to create anisotropic topography gradients such as grating,
pillar, and wrinkle gradients.
Electron beam lithography (EBL) is one of the top-down

approaches. An electron beam is focused on the surface filled
with photoresist. The solid part will become a liquid after
exposure to the beam. While small dimensions could be
achieved, the disadvantage of this method is very expensive and
a slow speed. Combined with other techniques, for example,
ultraviolet-assisted capillary force lithography (UV-CFL) or
plasma etching, grating and pillar gradients can be fabricated.
For instance, Kim et al.160 described using EBL combined with
UV-CFL to prepare parallel micro/nanogratings (Figure 7A).
The substrate was composed of a fixed ridge diameter (1 μm)
and depth (400 nm) but varied in groove diameter (1−9.1
μm). With EBL and plasma etching, M. Reynolds et al.161

prepared nanopillar arrays and the height ranges between flat
and 250 nm. For pillar gradients, except for the method
introduced above, the combination of photolithography and
soft-lithography could also be employed.
Photolithography was initially used in the semiconductor

industry.162 The lowest resolution for photolithography is
about 1 μm and the pattern can be created onto large
substrates. This technique requires a clean environment and
costly equipment. Photolithographic methods are suitable for
many surfaces, for example, metal oxides,163 polymers,164

glass,165 and hydrogels.166

Soft lithography is another popular method for surface
patterning.167 The size is restricted by the photomask
resolution and the spread of inks, so the degree of
complication is relatively low. Microcontact printing (μCP)
is a commonly used soft lithographic method. Although the
process is simple and relatively inexpensive, this method does
not allow the simultaneous printing of multiple inks. In
addition, there is a problem with the diffusion of ink. Wang et

Table 1. Various Materials and Methods Used to Engineer
Varied Stiffness Gradients

materials preparation methods stiffness range ref

PVA hydrogel LN2-contacting gradual
freezing and thawing
method

1−24 kPa 38
PVA/HA hydrogel 20−200 kPa 147

poly(allylamine
hydrochloride)
and poly (acrylic
acid)

controlled dipping into
a cross-linking
solution

0.5−110 MPa 39

PEG diacrylate
hydrogels

photopolymerization
using a sliding mask

2−100 kPa 150

polyacrylamide 2.5−11 kPa 151
HA hydrogel system 3−100 kPa 152
acrylamide/bis-
acrylamide

1−240 kPa 153

PDMS temperature gradients
during cross-linking

190 kPa−3.1 MPa 148

PEG hydrogels graded exposure to UV 7−32 kPa 159
PDMS shielded plasma

oxidation with a mask
6−89 MPa 146

Figure 6. Different methods for preparing stiffness gradients. (A) Schematic representations displaying the formation of PVA hydrogel with
stiffness gradient by the freeze−thaw method. Reprinted with permission from ref 38. Copyright 2015 Elsevier, Ltd. (B) Schematic preparation
process for PDMS stiffness gradients via a temperature gradient during curing. Reprinted with permission from ref 148. Copyright 2012 Elsevier,
Ltd.
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al.168 fabricated pillar arrays consisting of a height gradient by
the combination of photolithography and soft-lithography. The
parameters of PDMS pillars are 2 μm in diameter, 5.5 μm pitch
size, and varied heights increasing from 3.8 to 10.1 μm. The
methods introduced above always require complicated equip-
ment and procedures. In addition to gratings and pillars,
another common anisotropic topography gradient is wrinkles,
which are fabricated by plasma oxidation and can even be
combined with soft imprint lithography to transfer these
topographies to soft hydrogels.169 A PDMS substrate is
stretched, partially shielded with a mask, and the surface
oxidized by plasma. After that, releasing the strain induces the
generation of a wave-like topography gradient. Wrinkle
amplitude and wavelength increase from the closed to the
open side of the mask, resulted from increased thickness of the
silica-like layer (Figure 7B). With this method, the van Rijn
group prepared PDMS-based wrinkled topography gradients
with varied wavelengths (W) and amplitudes (A).34,100,170−173

Table 2 presents an overview of varied fabrication techniques
for the creation of topography gradients.
In addition to anisotropic topography gradients, isotropic

topography gradients (e.g., roughness, particles, and pores) are
commonly used to study the interaction between cells and
topographical structures. Different fabrication methods for
isotropic gradients are summarized in Table 3.
It has been demonstrated that pore size and porosity play a

critical role in guiding cell behavior. Porosity is described as
the proportion of pore interspace in a solid.190 Pore size
influences cell migration, spreading, and transportation of
nutrients.175 Generally, larger pore size or higher porosity can
afford enough supplements, and is beneficial for the removal of
waste, but not favorable for cell attachment, while the smaller
pore size or lower porosity has a reverse effect.81,191,192 In
addition, porosity improves the physical connection between
bone and the implanted material, thus providing stronger
mechanical stability at the interface.193 However, it has to be

Figure 7. Schematic diagrams for preparing anisotropic gradient. (A) Arrays with varied intervals prepared by UV-assisted capillary force
lithography. (a) Schematic of the preparation process for pattern arrays. (b) 3D AFM picture. (c) SEM image. Reprinted with permission from ref
160. Copyright 2009 Elsevier, Ltd. (B) (a) Procedure for the fabrication of wrinkle gradient. (b) AFM pictures along the gradient. Reprinted with
permission from ref 100. Copyright 2017 American Chemical Society.

Table 2. Preparation Methods of Gradient Surfaces with Anisotropic Topographies

gradient
patterns preparation methods topographical size ref

grating EBL and UV-assisted capillary force lithography constant ridge width (1 μm) and depth (400 nm) and variable
groove widths (1−9.1 μm)

160

combination of nanoimprint lithography and photopolymerization gradient in pattern height (0−350 nm) 174
pillar EBL and plasma etching pillar height changes from planar to 250 nm over 9 mm 161

photolithography and soft-lithography pillar diameter 2 μm, pitch size 5.5 μm and variable heights
between 3.8 and 10.1 μm

168

wrinkle unidirectional strain during surface oxidation using shielded plasma
oxidation by applying a mask

W: 464−7121 nm 100
A: 49−2561 nm
W: 200−1087 nm 34
A: 0.1 nm−260 nm
W: 0.8−14 μm 172
A: 144−3000 nm
W: 4−30 μm 173
A: 144−3000 nm
W: 464−10990 nm 171
A: 49−3425 nm
W: 1520−9934 nm 170
A: 176−2168 nm
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noted that higher porosity is harmful to the mechanical
properties of the substrate.194

For the fabrication of substrates, the optimum pore size
relies on a specific purpose, for example, different tissues for
tissue engineering.81,175,191 Therefore, substrates consisting of
pore-size gradients afford an accelerated screening platform,
which contributes to the identification/validation of the
optimum pore size.
A popular candidate for the preparation of surfaces with

gradient pore size is porous silicon (pSi). The advantages of
pSi are biocompatible and biodegradable,195 adjustable
porosity,196 and chemical property.197 pSi is fabricated by
electrochemical anodic etching of silicon wafers in electrolytes
containing HF.198 The pore size of pSi is easily controlled by
varying the etching conditions (e.g., current density, the ratio
of HF-to-surfactant) to fabricate surfaces with pore size
increasing from nanometers to micrometers.178 The pSi
gradients with varied pore sizes36,178,179 prepared by electro-
chemical etching are listed in Table 3. While it is easy for
preparation and further functionalization, stability is a problem
for long-term cell culture. Therefore, a stable substrate with a
pore gradient is important. Wang et al.177 fabricated porous
alumina (pAl) with pore sizes between 50 nm and 3 μm by
anodic etching and chemical etching methods. For long-term
cell culture, compared with pSi, the main advantage of pAl is
higher stability in water.199 Besides, there are many advantages
for aluminum-based materials, for example, suitable for
implanting in vivo,199 easy for further surface functionaliza-
tion.200,201 Therefore, pAl has drawn much attention in recent
years.202,203 Since the pore size ranging from several nanome-
ters to hundreds of nanometer with the methods mentioned
above, therefore, Oh et al. prepared a larger pore size gradient
(∼90 to ∼400 μm) by a centrifugation method175,176 (Figure
8A).
Another popular isotropic topography gradient is based on

surface roughness, which is denoted as the surface texture
where deviation from a normal vector determined and given
generally as Ra, the arithmetic average of the roughness profile.
It is evidenced that roughness influences various cell behaviors,
including cell adhesion, migration, viability, and differ-

entiation.204,205 It has been suggested that adjusting surface
roughness plays a crucial role for osteointegration.206 In that
regard, roughness could mimic the topography cues that were
found after bone resorption by osteoclasts.207 Furthermore, the
roughness increases the surface area of the biomaterial and
increases the amount of adsorbed proteins, which allows for
more deposition of ECM and earlier bone ingrowth.208

There are several techniques for the preparation of
roughness gradients, for example, the gradient in annealing
temperature, and sand-blasting combined with chemical-
polishing techniques. With the former method, Washburn et
al.180 prepared a roughness gradient in the range of nanometer
size. Crystallinity gradients of polymer were engineered by
using a gradient in annealing temperature. A poly(L-lactic
acid) (PLLA) membrane was annealed on a temperature
gradient stage. This range produced varied crystallinity, giving
rise to a roughness gradient (root-mean-square roughness
between 0.5 and 13 nm). However, this technique has several
drawbacks, for example, lower roughness range, and restriction
to specific biomaterials. For the latter method, it produces
roughness gradients with nano/micrometer over a centimeter-
scaled substrate.181−183 Kunzler et al.182 fabricated micro-
meter-scale roughness gradients (1.12 to 5.70 μm) by
sandblasting followed by chemical etching. Faia-Torres et
al.181 fabricated a roughness gradient via the same process but
added a material transfer step by imprinting the topography
ultimately into polycaprolactone (Figure 8B). Via this method,
a roughness was obtained that increased from 0.5 to 4.7 μm.
Nevertheless, this multistep procedure includes some transla-
tional issues as it is not straightforward transferable to real
components and the coating step may change the chemical
property of the substrate surface. The production of the
topography in metallic implants, a possible good translation
could be expected as sandblasting and chemical etching are
commonly used treatments and transferable to larger objects. It
has to be noted that transference to clinically relevant products
is the main problem for many screening approaches. Previous
work demonstrated that HF etching of zirconia implants with
excellent performances could improve bone attachment.209,210

Table 3. Isotropic Gradients with Various Structures and Preparation Methods

isotropic
gradient types preparation methods gradient parameters ref

pores centrifugation pore size: 88−405 μm 175
pore size: 90−400 μm 176

anodic etching and chemical etching pore size: 50 nm−3 μm 177
electrochemical etching of silicon wafers in electrolytes
containing hydrofluoric acid (HF)

pore size: 29−226 nm 36
pore size: 5−3000 nm 178
pore size: 10−500 nm 179

roughness annealing temperature roughness: 0.5 to 13 nm 180
combination of sand-blasting and chemical-polishing
technique

roughness: 0.5−4.7 μm 181
roughness: 1.12−5.7 μm 182
roughness: 0.87−4.41 μm 183

sputter deposition roughness: 1−16 nm 184
particle dip-coating maximum particle coverage is 21% corresponding to a mean particle spacing of

190 nm
185

dip-coating particle coverage range from 35% to 0, and particle diameter was 73 nm 186
controlled immersion into the solution of gold
nanoparticles in a time-controlled manner

root−mean−square roughness change from 0 to 15 nm, and diameters of
nanoparticles are 16, 38, or 68 nm

187

roughness: ∼2.5 to 5, and nanoparticles of diameters of 16, 68 nm 188
electrospray surface roughness (root−mean−square value) range from 80−900 nm, and the

average size of the deposited particles was about 3 μm
189
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Flamant et al. produced a roughness gradient at the surface of
zirconia using HF etching.35

Alternatively, topography gradients can be fabricated by the
manipulation of nano/microscale particles. It has been

demonstrated that a density gradient of particles can be
produced by controll ing the adsorption of par-
ticles.185−187,211,212 Specifically, the gradient of −NH2 was
formed by vapor deposition, followed by attaching nano-

Figure 8. (A) Schematic representation displaying the preparation process of pore size gradient by a centrifugation technique. Reprinted with
permission from ref 175. Copyright 2007 American Chemical Society. (B) Schematic diagrams illustrating the fabrication of PCL roughness-
gradient. Reprinted with permission from ref 181. Copyright 2014 Elsevier, Ltd. (C) Schematic drawing of the dip-coating process to prepare
particle gradient. Reprinted with permission from ref 186. Copyright 2007 American Chemical Society. (D) Schematic diagram for producing a
density gradient of microparticles by electrospray method. Reprinted with permission from ref 189. Copyright 2010 WILEY-VCH.
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particles to the surface through immersing the substrate into a
gold solution.212 Alternatively, Huwiler et al.186 fabricated
nanoparticle density gradient by immersing a positively
charged poly(ethylene imine) (PEI)-coated silicon wafer into
the solution filled with negatively charged silica nanoparticles
(Figure 8C). Although those techniques are successful, there
are still some disadvantages, for instance, complicated
processes, specific reagents or substrates. Therefore, a simple
and effective technique still needs to be identified for the
preparation of particle gradients and particularly together with
the possibility of transferring the topographies to biomedical
products.189

Electrospray is a technique with tremendous potential for
the preparation of particle gradients. During the process, a
liquid is forced through a capillary onto a collector while
kilovolts are applied between the capillary and the collector.213

It is a simple approach for producing homogeneous particles
with sizes between nano- to micrometers, which is suitable for
serving as carriers for chemotherapeutics, proteins, and
biomacromolecules.213,214 Moreover, different than previous
techniques, this method allows a precise adjustment of both
microparticle density and size. Li et al.189 created density
gradients of microparticles (Figure 8D) by changing the
deposition time of electrosprayed microparticles.
4.1.1.3. (Bio)Chemistry Gradients. A number of techniques

have been developed for the preparation of chemical gradients,
for example, plasma-assisted approaches,215 corona dis-
charge,216 SAM-based techniques,217,218 UV,219 plasma poly-
merization,220−226 and click reactions based methods.227

Plasma polymerization is a facile technique for surface
decoration of biomaterials as it deposits a very thin functional
layer on any kind of material without the requirement of
premodifying the surface. Not needing complex modification is
a critical aspect for medical devices based on polymers,
ceramics, metals, and composites.228 The plasma modifies the
surface of a material by bombarding the substrate with high-

energy particulates. The polymerization degree is based on the
intensity and number of particulates.47 Various functional
groups, for instance, amine, carboxyl, hydroxyl, and sulfonic
acid could be coated onto the surface via nitrogen, ammonia,
oxygen, and sulfur dioxide plasma, respectively.229,230 Fur-
thermore, surface gradients could be formed via a shielded
approach using masks during plasma polymerization. For
example, Wang et al.231 prepared two surface chemical
gradients: 1,7-octadiene (OD)−acrylic acid (AA) gradient,
and AA−diethylene glycol dimethyl ether (DG) gradient.
Another popular method for surface modification is the use

of SAM-based techniques. SAMs of alkanethiols are popular
since they could generate a steady organic coating on gold
surfaces. Importantly, varied chemical properties could be
simply fabricated by generating alkanethiols with diverse end-
groups.232,233 For example, Morgenthaler et al.217 prepared
density gradients of thiolates by dipping a gold-deposited
surface into a thiol solution, then followed by dipping the
surface into the complementary thiol solution. In addition,
chemical gradients have also been fabricated by UV irradiation.
Peroxides could be formed by a radical-based photo-oxidation
mechanism.234 With this method, Li et al.219,235 fabricated a
density gradient of carboxylates.
Bioactive molecules can significantly improve the interaction

between cells and biomaterials.143,236−238 Various biomole-
cules, including proteins, peptides, and growth factors, have
been successfully grafted on the surfaces of biomaterials in a
gradient manner. Proteins of ECM will enhance the
interactions between synthetic biomaterials and tissues in
vivo.239

Protein gradients have been fabricated by the combination
of using SAMs and polymerization techniques for fibronec-
tin,240 prepared by adsorption onto a density gradient of
PEG.241 Additionally, protein gradients have also been
prepared using nanofiber systems. Nanofibers mimic the

Table 4. Multiparameter Gradients and Corresponding Parameters

multiparameter
gradient parameters ref

linear double
gradient

composition: the gradients range from 25−100% PLLA 254
roughness: starting from the PDLLA-rich end, surface roughness increased as the fraction of PLLA increased; roughness then reached a
plateau between 60 and 80% PLLA before becoming somewhat smoother from 80−100% PLLA

wettability: 30−94° 145
stiffness: 85 MPa to ∼7 MPa

orthogonal
gradient

pore size: ranging from hundreds to tens of nanometers 255
peptide density: not shown
dual topography gradient: on one axis varied from 8−100 μm space between the 8 μm grooves and on the other axis from ∼5 nm to ∼1
μm in depth

256

topography: the groove width ranging from 5−95 μm with a constant ridge depth of 3.4 μm 257
chemistry: varying from a hydrocarbon to a nitrogen-containing polymer
topography: parallel grooves with widths varying from 5−95 μm, separated by 5 μm wide ridges 253
wettability: WCA ranging from 55−96°
roughness: Ra value ranging from 0.8−4.1 μm 31
nanoparticle density: particle number decreased linearly from around 74 particles per μm2 to 0
constant groove width of 8 μm and with ridge width increasing from 8 μm in 0.5 μm steps across 10 mm 33
gradient of groove depth spanning more than 2 orders of magnitude (less than 10 nm to over 1000 nm)
peptide concentration gradient: GRGDS concentrations ranging from ∼15−90 pmol/cm2 and BMP-2 concentration range from ∼0−25
pmol/cm2

258

stiffness: 6−89 MPa 146
WCA: 29−90°
stiffness: 0.5−1.3 kPa 259
Fn: a roughly 5-fold difference between the highest and lowest densities
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fibrous ECM in vivo.242 With a controlled filling method, Shi et
al.243 fabricated the Fn gradient within the nanofibers.
For peptide gradients, different kinds of peptides have been

used and implemented via various methods. For example,
RGD peptide gradients mediated by atomic transfer radical
polymerization (ATRP) and carbodiimide chemistry,244 using
a “universal gradient substrate for click biofunctionalization”
methodology,245 immobilized osteogenic growth peptide,246

density gradient of Val-Ala-Pro-Gly (VAPG) peptides,247 and
Arg-Glu-Asp-Val peptide gradient248 synthesized via click
chemistry have been used to produce peptide-based gradients.
Also, the growth factor gradient has been prepared based on
plasma oxidation,249 surface electrochemistry,250 and injection
methods.251

4.1.1.4. Multiparameter Gradients. The development of
double gradients allows for studying the interaction between
cells and two or more surface parameters. For linear double

gradients, the two parameters are arranged in the same or
opposite direction. For orthogonal gradients, the two
parameters are perpendicular to each other.252

The linear/orthogonal double gradient method significantly
decreases the sample number for investigating potential
combinations of different gradients, which is beneficial for
HTS cell response.253 In this part, we mainly focus on the
linear double gradient and orthogonal double gradients. Table
4 summarizes the multiparameter gradients and corresponding
parameters.
C.G. Simon Jr. and co-workers254 created a gradient using a

polymer blend composed of PLLA and poly(D,L-lactic acid)
(PDLLA). Surface roughness varied with composition where
the areas were smooth for the regions rich in PDLLA, it was
rougher for the regions rich in PLLA. Kühn et al.146 developed
a double linear wettability-stiffness gradient by a single-step
shielded air plasma treatment.

Figure 9. (A) Schematic diagram for the design double orthogonal gradient composed of stiffness gradient and Fn density gradient. Reprinted with
permission from ref 259. Copyright 2015 Nature Publishing Group. (B) Schematic presentation for the fabrication of an orthogonal gradient
comprising pore size gradient and RGD gradient. Reprinted with permission from ref 260. Copyright 2012 Royal Society of Chemistry. (C)
Formation of unidirectional single and orthogonal double surface gradients (stiffness and wettability). Reprinted with permission from ref 146.
Copyright 2018 WILEY-VCH.
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There are also some strategies for designing and preparing
orthogonal double gradients. Huethorst et al.256 described
using UV and dry etching to produce a dual microgradient
substrate. For the microgrooves, the deepness (Y-axis) and
dimension (X-axis) increased from 5 nm to 1 μm and 8−100
μm, respectively. Roach et al.257 produced an orthogonal
gradient of topography and chemistry by hot embossing and
plasma polymer deposition. The grooves of the substrate
varied between 5 and 95 μm and chemistry changed from
hydrocarbon to nitrogen. With a similar method, Yang and co-
workers253 prepared orthogonal chemical and topographical
gradients on a poly(methyl methacrylate) substrate. In one
direction, the topographical gradient consisted of constant
width (5 μm) and depth (3 μm), but the size of the groove
gradually increased from 5 to 95 μm. In the other direction
(vertical), a wettability gradient was introduced ranging from
WCA 95−55°, which was fabricated by diffusion-controlled
plasma deposition. Zink et al.31 used the combination of sand-
blasting and nanoparticle adsorption to produce roughness
gradients from two directions by introducing particle density
gradient onto a roughness gradient.
In addition to orthogonal gradient with topography and

topography or chemistry, gradients with physical cues, for
example, stiffness and protein have also been fabricated. Rape
et al.259 fabricated a simple, high-throughput platform with
ligand density (Fn) and substrate stiffness based on light-
modulated HA hydrogels (Figure 9A). Clements et al.255

prepared an orthogonal gradient composed of pore size
gradient and peptide density gradient via an electrochemical
approach (Figure 9B).
In light of the plasma-generated double linear gradient of

stiffness and wettability, also the orthogonal double gradient
was developed via a similar approach. The stiffness and
wettability were decoupled by first generating a stable stiffness
gradient using a harsh plasma oxidation treatment using air
plasma with subsequent silanization to recover the hydro-
phobic properties. Then a short plasma treatment of 20 s at
500 mTorr again via a shielding approach provided the
wettability gradient (Figure 9C). One drawback is that samples
needed to be used directly as the substrates based on PDMS
display hydrophobic recovery and care needed to be taken not
to alter the added properties.
4.1.2. Gradients in 3D Culture Systems. For many

applications, 2D culture platforms are able to provide proper
insights into how materials interact with biological systems
such as cells with medical implants. However, 2D systems
cannot fully mimic the complicated 3D microenvironment
found in vivo, which is important to gain insights into cell
behavior in their native environment or in specific tissue
pathologies.21 Until now, only a few techniques are used for
fabricating 3D matrices with gradients, for example, scaffolds
with porosity and hydrogels. Several techniques have been
reported for fabricating physicochemical gradients within
scaffolds, especially gradients in pore size or porosity. Roy et
al.261 and Woodfield et al.262 fabricated scaffolds with porosity
gradients and pore size gradients by 3D printing.
So far, most 3D gradients are dependent on hydrogels since

it mimics the hydrated state in soft tissue. Several methods
have been applied to fabricate gradients in hydrogels, including
gradient maker and diffusion. For the gradient maker, various
gradient markers are used to fabricate linear-gradient hydro-
gels. PEG hydrogel gradients with a stiffness gradient between
10 and 300 kPa were prepared via a gradient maker.263

Molecular diffusion is another technique for fabricating 3D
gradients. In this method, hydrogels are exposed to molecules,
which will spread within the hydrogel, forming a density
gradient in the direction of the molecular diffusion. Vepari and
co-workers264 prepared immobilized enzyme gradients with a
3D porous material using the principles of diffusion. In
addition, growth factor gradients in the 3D porous matrix
could also be prepared by the combination of centrifugation
and surface immobilization.265

4.2. Interaction between Biological Species and Gradients

4.2.1. Interactions of Proteins with Gradient Sub-
strates. It is well-demonstrated that the interactions between
cell and biomaterial are regulated by the type and
conformation of the adsorbed proteins that can interplay
with specific integrins present on the cell surface. Importantly,
the surface physicochemical properties of the biomaterials can
significantly affect the amount, orientation, and conformation
of adsorbed proteins.184 Interfacial interactions are key for
implanted devices.266 On one hand, proteins adsorbed onto
the surface of biomaterials facilitate the activation of
inflammatory cells.267 On the other hand, the ECM proteins
are also important signaling factors known to control cell
attachment, and adjust subsequent cell activity (proliferation,
migration, differentiation).268 Consequently, tailoring cell
interactions at the interface of biomaterials is pivotal for the
designing and eventual success of implantable medical devices
and engineered tissues.269

To date, many studies have been focusing on the
understanding and adjustment of protein adsorption on
gradient substrates. The surface physicochemical properties
of the biomaterials modulate the adsorption behavior of
proteins, and for studying the protein adsorption behavior
wettability gradients,270,271 charge gradients,272 and roughness
gradients184 have been used.
Fn facilitates cell adhesion and has been previously reported

to adsorb in greater amounts onto hydrophobic rather than
hydrophilic surfaces.273,274 For instance, Mohan et al.218

fabricated the monotonically varying surface chemistry
gradients (WCA ranging from 10−100°) on PDMS substrates
to study their influence on Fn adsorption. The results
displayed that the adsorption of fibronectin enhanced
monotonically with increasing hydrophobicity. Cantini and
co-workers270 also found the amount of Fn decreased
monotonically with increasing wettability. However, other
researchers have contradictory findings. Liu et al.228 also
prepared a wettability gradient (WCA from 70−90°) with an
increasing N/C ratio. When BSA was adsorbed onto the
gradient, the amount of adsorbed protein decreased from the
hydrophobic part to the hydrophilic part, and the adsorption of
Fn from an Fn solution showed no significant changes along
the gradient. However, when exposed to the mixture of BSA
and Fn, a significant increase of Fn was found from
hydrophobic to the hydrophilic part.
In addition to material wettability, several groups also

prepared PEG density gradients.223,241,275 PEG can prevent
protein adsorption.276,277 Pei et al.266 fabricated density
gradients of PEG to carry out a systematic study on protein
adsorption. The results demonstrated that the adsorption of
single proteins (fibrinogen and Alb) increased as the density of
PEG decreased, and competitive adsorption including both
proteins indicated more fibrinogen adsorption than Alb along
the PEG gradient.
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In addition to chemical cues, topography cues also play an
important role in protein adsorption. For roughness gradients,
previous investigations have shown that adsorption of protein
is sensitive to nanoscale roughness.278,279 Rockwell et al.184

studied protein adsorption via the Ti roughness gradient
(roughness varying from 1−16 nm). The results showed that
the adsorption behaviors of fibrinogen and Alb along the
gradients were similar.
4.2.2. Macroscopic Cell Behaviors. Cell adhesion is the

first step and a critical requirement for anchorage-dependent
cells to survive, proliferate, and consequently functionalize or
differentiate on a substrate. Poor adherence of these cells to
substrates causes cell quiescence or even apoptosis.280

Therefore, cell adhesion is regarded as the initial indicator of
cell interplay with its surrounding microenvironments, which
precedes all other cellular behaviors. Following cell adhesion,
they start to conform to the microenvironments, which could
result in a transformation in cell morphology, spreading,
orientation, migration, and eventually stem cell differentiation.
4.2.2.1. Stiffness Gradient. The mechanical properties of

biomaterials play a substantial role in influencing cell adhesion
and proliferation.
Kim et al.38 prepared a mechanical gradient varying from 1

to 24 kPa composed of poly(vinyl alcohol) (PVA) hydrogels to
explore adhesion and proliferation of hMSCs. The results in
Figure 10A show that there is no significant difference for
original cell adhesion, and that stiffer hydrogel sections allow
for better cell proliferation compared to the softer parts. After
4 weeks, cells exhibited better adhesion and more spreading

when grown on the stiffer region, while cells showed elongated
shape on the softer part. While this study used a gradient
spanning 1 order of magnitude, other researchers prepared
stiffness gradients with spanning several orders more. For
example, Oh et al. found a similar cell response of MSCs with
stiffness gradient ranging between 20−200 kPa, indicating that
there was no obvious change for cell adhesion after 1 day, but
that cells on the stiffer regions displayed increased cell
proliferation compared to those on the softer parts (Figure
10B). In addition to MSCs, fibroblasts showed a similar
response to stiffness. Sunyer et al.153 prepared a hydrogel with
a stiffness gradient ranging from 1−240 kPa and found that
material stiffness has a significant effect on cell spreading.
For the softer region, cells displayed a circular shape and low

spreading. Conversely, cells showed better attachment and
spreading in the stiffer region. In addition to stiffness in the
range of kPa, researchers also studied the cell response on
substrates with stiffness in the MPa range. Hopp and co-
workers39 showed that the adhesion of fibroblasts also
depended on the stiffness of the substrate. Cells attached
much better and proliferated quicker when grown on the stiffer
parts (110 MPa). Cells grown on the softer parts (0.5 MPa)
displayed a weaker actin structure compared to the more
organized cytoskeleton fibers for cells grown on stiffer regions
(Figure 10C).

4.2.2.2. Topography Gradients. It has been demonstrated
that the surface topography of biomaterials has a crucial
influence on various cell behaviors such as morphology,281−283

adhesion,284 and proliferation.285,286 In particular, gratings are

Figure 10. (A) (a) DNA contents of hBM-MSC grown on the stiffness gradient for different days and (b) immunofluorescence staining of hBM-
MSCs after culturing for 28 days. Reprinted with permission from ref 38. Copyright 2015 Elsevier, Ltd. (B) DNA contents of hBM-MSC cultured
on the stiffness gradient for different time. Reprinted with permission from ref 147. Copyright 2016 Elsevier, Ltd. (C) Fluorescent images of stained
human dermal fibroblasts (HDFs) across the gradient after (a) 24 h attachment, and 6 days proliferation. (III) Cell density of HDF after (c) 1 day
and (d) 6 days. Blue for cell nucleus and green for cytoskeleton. Reprinted with permission from ref 39. Copyright 2013 Elsevier, Ltd.
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a common and popular model to study the influence of
nanotopography on cellular behavior and function.160 Kim et
al.160 prepared micro- and nanotopographic arrays comprising
of different densities (fixed width for ridge and depth, and
varied widths for groove (1−9.1 μm)), and the elongation and
orientation of fibroblast were susceptive to them. For example,
fibroblasts showed a higher degree of orientation on the denser
parts compared to cells grown on parts with a lower density of
surface structures. In addition to density, height also plays an
important role in cellular behaviors. Lin-Gibson et al.174

cultured MC3T3-E1 murine preosteoblasts onto nanograting
gradients (height (H) ranging from 0 to 350 nm), and found
that cells grown on lower height (H < 30 nm) showed a lower
degree of orientation compared with those on higher height.
Compared to the grating patterned surface consisting of

sharpened corners, which is not supportive for cell attachment,
wavy-like architectures (e.g., wrinkle) may more appropriately
mimic the natural structure of ECM.287,288 Zhou et al.34

prepared directional wrinkle gradients (amplitudes increasing
from 0.1 to 260 nm and wavelengths changing from 200 to
1087 nm), and found that topography with lower amplitude
and smaller wavelength is better for osteoblast attachment, and
higher amplitude and wavelength are beneficial for cell
orientation. Furthermore, the authors proposed a new method
translating PDMS-based wrinkle gradients to the inorganic
surface (SiO2, TiO2, CrO3, and Al2O3).

100 Results showed that

the optimum parameter for improving hBM-MSC behaviors,
for example, orientation, focal adhesion assembly, was different
for the different materials used (Figure 11A). From the
evidence mentioned above, anisotropic structure, for example,
grating or wrinkle, has an important influence on cell
behaviors.
In addition to topography with a specific orientation, more

random-like topography without specific orientations such as
roughness are often used, also because they are more easily
applied because of the use of etching techniques. However, cell
responses found throughout many studies were different or
even opposite with similar topography but using different cell
types. For example, Faia-Torres et al.181 explored the
morphology of MSCs on a roughness gradient. They found
that the cell perimeter was enhanced with increasing roughness
(Figure 11B). Kunzler et al.182 also studied the response of
osteoblast and fibroblast using a similar roughness gradient.
However, the response for the two cell types is different. For
osteoblasts, cell proliferation rate markedly increased with
increasing surface roughness, and the cell area increased
significantly when the extent of roughness became lower.
Interestingly, fibroblasts displayed the inverse trend for
proliferation, and a higher level of roughness reduced cell
proliferation. For similar roughness gradients, different groups
obtained contradictory results. Washburn et al.180 showed that
the smoother parts of the roughness gradient increased the

Figure 11. (A) (a) Fluorescent staining of the gradients. Red color is for cytoskeleton. (b) Cell macroscopic behaviors. Reprinted with permission
from ref 100. Copyright 2017 American Chemical Society. (B) (a) SEM of the polycaprolactone roughness gradient. (b) F-actin staining at day 4.
(c) Quantified cell perimeter along the gradient after 4 days. Reprinted with permission from ref 181. Copyright 2014 Elsevier, Ltd.
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Figure 12. (A) Attachment of MSC on (a) COL1 and (b) OPN gradient after 5 h. Reprinted with permission from ref 291. Copyright 2019
WILEY-VCH. (B) Cell morphology on (a) OD−AA and (b) AA−DG gradient. Quantification for cell number after (c) 1 day and (d) 6 days.
Reprinted with permission from ref 231. Copyright 2015 Elsevier, Ltd.
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proliferation rate of MC3T3-E1 cells compared to the rough
parts. Furthermore, there was no distinct difference between
cell spreading and density of focal adhesions.
In addition, pore size also has a crucial influence on cell

macroscopic behaviors. Wang et al.36 prepared a pore size
gradient ranging from 29−226 nm in diameter, and found that
rat MSCs showed a weaker attachment on areas with a smaller
pore size and attachment increased with increasing pore size.
However, cell proliferation was not affected by the surface
topography. In another study, they also prepared a pore size
gradient increasing from 50 nm to 3 μm,177 and found the
density and spreading area of MSCs decreased with increasing
pore size. These results demonstrate that pore size with
different orders of magnitude could result in different cell
responses. In addition to the small pore size, other research
groups also engineered large pore sizes and investigated the
response of different cell types. Oh et al.175 fabricated a pore
gradient with larger pore sizes (88−405 μm). The substrate
with 380−405 μm facilitated cell expansion for chondrocytes
and osteoblasts, while 186−200 μm was beneficial for
fibroblasts. However, using a similar pore size gradient (90−
400 μm),176 the same group found larger pore size down-
regulated the proliferation of stem cells. These pieces of
evidence show that the pore size gradient is a good platform
for studying cell−biomaterial interactions.
In addition, several groups investigated cell response

mediated by nanoparticle-density gradients. Kunzler et al.185

seeded osteoblasts onto particle-density gradients (73 nm in
diameter) and found a significantly diminished cell quantity on
regions with a higher density of particles, and lower density of
particles improved cell spreading and formation of cytoskele-
ton structure. However, inverse cell response was found by
Bachhuka and co-workers.187 In their study, they fabricated
gold nanoparticles with diameters of 16, 38, or 68 nm. The
results showed that regions with a higher density of
nanoparticles enhanced the attachment and proliferation rate
of human dental pulp derived stem cells. In addition to
nanoparticles, Xia et al.189 prepared a density gradient of
microparticles (3 μm in diameter) and studied the effect on
neurite growth. The moderate roughness increased the length
of neurite compared to a low and high degree of roughness.
The optimum roughness with a Ra value of 594 ± 89 nm was
identified for maximized cell adhesion and neurite extension.
These results show that cell adhesion and proliferation are
significantly dependent on particle size and cell type.
4.2.2.3. (Bio)Chemical Gradients. Surfaces with different

kinds of (bio)chemistry have been prepared, for example,
density of poly(ethylene glycol) brushes,266 Fn,289,239

laminin,235 gelatin,290 collagen type I (COL1), and osteopon-
tin (OPN),291 osteogenic growth peptide (OGP),246 RGD,244

−CH3,
218 −COOH,219 plasma polymerized hexane,225 Acrylic

acid/diethylene glycol dimethyl ether,231 PLLA/PDLLA,254

poly(caprolactone) and poly(D,L-lactide),292 poly(2-hydrox-
yethyl methacrylate).240 Mohan et al.218 fabricated chemical
gradients on the surface of PDMS, and water contact angle
(WCA) increased from ∼10° to ∼100°. Their results showed
that the spreading of fibroblasts was weaker when grown on
the hydrophilic region and better on the hydrophobic part.
However, other researchers obtained different results. Zelzer et
al.225 also fabricated a chemical gradient with varied WCA.
WCA ∼60° facilitated the attachment and proliferation of
fibroblasts compared with WCA ∼93°. Similar results were
achieved by the same research group by preparing a wettability

gradient between <10° and 98°,222 and found that cell density
decreased from the hydrophilic side to the hydrophobic side. A
critical but often overlooked result from the work of Zelzer et
al.,225 is that the cell densities observed on the gradients were
not the same as those observed on uniform samples of the
same chemistry. This was rationalized as differences in the
cell−cell signaling processes or protein production from
surrounding cells on the gradient compared to the uniform
sample format. This is a note of caution indicating that cell
response studies on gradients require validation before
extrapolation to predict the cell behavior on homogeneous
samples.
In addition to chemical cues, biochemistry signals, for

example, proteins or protein composition could also modulate
various cell behaviors. Ghemei et al.291 prepared density
gradients of OPN and COL1, and the results (Figure 12A)
showed that the COL1 gradient from 78.5 to 124.2 ng/cm2

facilitated the attachment and proliferation of MSCs and there
was no prominent difference detected when cells were seeded
onto region with a higher density of COL1. For the OPN
gradient, the trend was similar as for COL1, and the best
density for prompting cell attachment was 20.7 ng/cm2. These
results demonstrate that cell adhesion and proliferation are
appreciably dependent on protein concentration.
Several groups used plasma polymer deposition, for example,

allylamine (AA), octadiene (OD), and diethylene glycol (DG)
to fabricate chemical gradients. Vasilev et al.228 prepared OD−
AA gradient (ratio of N/C between 0.04 and 0.16), and the
regions riched in AA enhanced the attachment and cell
spreading of stem cells under normal culture medium with
serum. However, the differences were significant when a
serum-containing medium was used and all differences were
lost under serum-free conditions, which indicates that
preferred adsorption of serum proteins plays a determining
role here. A similar trend was found by Short and co-
workers,220 that is the attachment of mouse embryonic stem
cell increased from the OD to the AA region. However,
Voelcker et al.293 found the attachment of embryonic stem
cells prompted with increasing N/C ratio to 0.1, and higher
ratios negatively influenced cell attachment. Furthermore, the
group of Voelcker also developed an AA−DG gradient221 and
found that the attachment of embryonic stem cells depended
on the gradient. Cell attachment decreased from the region
rich in AA to the region rich in DG. Similar conclusions were
obtained when using different cell types. For instance, in
another study, Voelcker et al.231 developed OD−AA and AA−
DG gradients simultaneously. MSCs density decreased from
AA to OD, and from AA to DG end (Figure 12B). Taken
together, these results demonstrate that (bio)chemical cues
have a significant influence on cell macroscopic behaviors.

4.2.2.4. Multiparameter Gradients. In addition to the
single parameter gradients, researchers also prepared multi-
parameter gradient platforms, for example, orthogonal nano-
meter-micrometer roughness gradients,31 orthogonal chem-
istry-topography gradient,257 orthogonal topography and
surface chemistry gradients.253,260 Huethorst et al.256 inves-
tigated the influence of orthogonal topography on the
morphology of cardiomyocytes. The width of the grating
(horizontally) increased from 8 to 100 μm and the deepness
(vertically) from ∼5 nm to ∼1 μm. Compared to a flat surface,
deeper and wider gratings facilitated the alignment and
stretching of cardiomyocyte. Yang and co-workers253 reported
a versatile combinatorial method to explore cell−surface
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interactions, and the system consists of orthogonal chemical
(WCA: 60−90°) and topographical gradients (the widths of
the grooves increasing from 5 to 95 μm, and 5 μm for ridge
width). They used 3T3 dermal fibroblast as a model cell type
and found that after 2 and 3 days cell culture, WCA of 68−76°
and groove widths of 40−60 μm had the highest cell coverage

and greatest proliferation rate. Furthermore, the van Rijn group
prepared an orthogonal double gradient (stiffness, 6−89 MPa;
WCA, 29−90°).146 The optimum parameter for cell attach-
ment was WCA: 35−39° and stiffness: 8.2−9.3 MPa, stiffness:
8−50 MPa and WCA: 79−85° for largest cell area, and
stiffness: 40−89 MPa and WCA: 29−34° for maximum

Figure 13. (A) Immunofluorescent staining of hBM-MSC grown on 1−24 kPa gradient after 28 days and the results for quantitation. Reprinted
with permission from ref 38. Copyright 2015 Elsevier, Ltd. (B) Immunofluorescent staining of hBM-MSC grown on 20−200 kPa gradient after 2
and 4 weeks. Reprinted with permission from ref 147. Copyright 2016 Elsevier, Ltd.
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expression of vinculin. These pieces of evidence highlight that
the orthogonal double gradient approach is a powerful tool for
identifying optimum combined parameters for specific cell
behaviors, therefore accelerating the development of high-
performance biomaterials.
4.2.3. Stem Cell Differentiation. The microenvironment

in which cells reside is complicated and dynamic. It is
extremely important for stem cells to controllably differentiate
into different cell types in tissue engineering and regenerative
medicine. The microenvironment of the stem cell niche is
important for regulating and controlling the fate of stem cells.
The microenvironment is composed of stem cells, growth
factors, and ECM.143

It was shown that physical properties (for instance, substrate
stiffness, and topography) and (bio)chemistry of biomaterials
significantly affect stem cell behaviors. So far, many studies
examined the influence of these parameters on stem cell
differentiation via an HTS approach.
4.2.3.1. Stiffness Gradient. In vivo, tissues have a broad

range of mechanical properties, for instance, ∼1 kPa for
brain294 and ∼10 GPa for bone.295,296 The stiffness of
biomaterials is a crucial factor for regulating stem cell
fate.70,151,297,298 Many researchers prepared different kinds of
materials and stiffness gradients of different ranges to study the
influence on stem cell differentiation.38,147,148,299 Polyacryla-
mide (PAAm) hydrogels have been widely used as a
mechanically tunable substrate. For example, Engler et al.300

prepared a PAAm stiffness gradient which ranged from 1−14
kPa, and the stiffer region enhanced myogenic differentiation
of MSCs. However, this kind of material may induce
cytotoxicity301,302 and the surface always requires a protein
coating process.
Freeze−thaw cycles facilitate liquid poly(vinyl alcohol)

(PVA) to form a hydrogel.149 Kim et al.38 prepared PVA
hydrogel with stiffness gradients (from 1 to 24 kPa). The softer
region enhanced neuron differentiation while the stiffer region
improved osteogenic differentiation of MSCs (Figure 13A).

Furthermore, the same research group also prepared PVA/HA
stiffness gradients with a broad stiffness range of 20−200 kPa
with the same method.147 The results (Figure 13B) showed
that the optimum mechanical value for neurogenesis, myo-
genesis, chondrogenesis, and osteogenesis of MSCs was ∼20
kPa, ∼40 kPa, ∼80 kPa, and ∼190 kPa, respectively. The
mechanical property of hydrogels mentioned above is always in
the kPa-range and it is very soft compared to the stiffness of
some tissues in vivo.296 As stem cells probably become a
particular cell type on the surface of a biomaterial with a
similar value as a tissue in vivo,6,71 enlarging the range of
stiffness gradient is important and necessary.
PDMS is a common and popular biomaterial suitable for

many applications.303−306 Compared to hydrogels, PDMS is
stable in an aqueous environment, helpful for preparing
stiffness gradient.307 In addition, the stiffness value of this
material is always about kPa or MPa,308 much higher than the
mechanical properties of the hydrogel. Wang et al.148

fabricated stiffness gradients with PDMS (190 kPa−3.1
MPa) to investigate osteogenesis of MSCs. After 1 week of
culturing cells in differentiation medium, stiffer regions
enhanced osteogenic differentiation compared to the softer
regions, as evaluated by Alizarin Red staining that indicates
mineral production. Taken together, the stiffness gradient is a
convenient platform for screening the best mechanical value
for fate commitment of stem cells, therefore helpful for
designing biomaterials in vitro.

4.2.3.2. Topography Gradient. It is well-known that
topography can adjust various cell behaviors and stem cell
fate.309 In this part, we will focus on the stem cell
differentiation stimulated by anisotropic and isotropic top-
ography, which has been studied using gradients.
For anisotropic gradients, ECM architecture of some tissues,

for example, nerve, bone, vessel, muscle, comprise complicated
and parallel structure.12 Wave-like topography gradients with a
height between 541 and 3073 nm and wavelengths increasing
from 4 to 30 μm were used to study the fate commitment of

Figure 14. (A) Immunostaining of Tuj1 of MSCs grown on wrinkle gradients for (a) 1 week and (c) 2 weeks. (b, d) Zoomed picture of the typical
position and quantitative results of Tuj1. Reprinted with permission from ref 173. Copyright 2020 Wiley-VCH. (B) (a) Immunostaining of ALP for
cells cultured on roughness gradient after 4 and 21 days. (b) Quantitative results of ALP. Reprinted with permission from ref 181. Copyright 2014
Elsevier, Ltd.
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MSCs toward neuron lineage.173 They found that the substrate
with wavelength 26 μm/height 2.9 μm was optimum for
neuron differentiation (Figure 14A). These results demon-
strate that an anisotropic gradient platform can serve as an
effective system to obtain the optimum parameter for specific
cellular behaviors, which could improve regenerative medicine
of stem cell therapies.
For the isotropic gradient, structures such as roughness,181

nanoparticle,187 nanotube,310 and pore size36,177 are the
commonly used models to study their effect on the stem cell
fate. The roughness of the biomaterial surface is one of the
most important parameters for successful osteointegration.206

Faia-Torres et al.181 investigated the effect of roughness
gradients (Ra: ∼0.5−4.7 μm) on the osteogenesis of MSCs
under differentiation medium. They found that a specific
roughness of Ra: ∼2.1−3.1 μm was the optimum for improving
osteogenesis of MSCs (Figure 14B). Soluble factors also play
an important role in modulating stem cell fate.311 For instance,
dexamethasone (Dex) is always added into the differentiation
medium,311 and has been shown to support osteogenesis.312

However, Dex negatively influences the migration of
MSCs.313,314 For this reason, the same research group
engineered the same parameters of roughness gradient (Ra:
0.5−4.7 μm) to investigate the influence on osteogenesis of
MSCs cultured in differentiation medium without the addition
of Dex and in growth medium.315 The results showed that Ra
∼1.53 μm in differentiation medium without Dex, and Ra
∼0.93 μm in growth medium exhibited the highest capacity for
improving osteogenesis. Alternatively, roughness gradients can
be fabricated through particles.189 For example, Bachhuka et
al.187 prepared density gradients of gold nanoparticles
(diameter: 16, 38, and 68 nm, respectively), and the results
showed that higher roughness was beneficial for osteogenesis.
During the process of bone regeneration, architectures with

pores are beneficial for the exchange of nutrients, cell
movement, growth, and vascularization. In addition, a porous
surface of a biomaterial promotes connection with the natural
bone.7 It has been demonstrated that different pore sizes have
a significant effect on osteogenesis. For instance, scaffolds with
smaller pore sizes are beneficial for chondrogenic differ-
entiation, while larger pore sizes enhance osteogenic differ-
entiation.7 Wang et al.36 produced gradients with pore sizes
between 29 and 226 nm in diameter and roughness decreasing
from 22 to 3 nm. They found that roughness smaller than 10
nm promoted osteogenic differentiation of MSCs, while
adipogenic differentiation is not dependent on pore size. In
addition to osteogenic and adipogenic differentiation mediated
by pore size, the influence of pore size on chondrogenesis has
also been studied. Oh et al. fabricated PCL scaffolds with pore
sizes ranging from 90 to 400 μm and porosity between 80 and
97%. The results showed that pore size 370−400 μm was the
optimum for chondrogenesis of stem cells.
However, the stability of biomaterials is a common problem.

Therefore, a stable gradient substrate composed of varied pore
sizes is desired.177 Compared to pSi, porous alumina (pAl) has
attracted much attention199,203,316 because of high stability in
aqueous environments199 and has served as implant materi-
al.202 Wang and co-workers177 reported the influence of pAl
comprising pore size gradients between 50 nm and 3 μm on
the osteogenesis of MSCs. The optimum parameter for
osteogenic differentiation was 120−230 nm. These results
show that isotropic gradients, for example, roughness,
nanoparticle, pore size, allow for screening of the optimum

parameter for varied stem cell differentiation, which improves
the advancement of biomaterials for tissue engineering.

4.2.3.3. (Bio)Chemical Gradients. The MSC differentiation
depends not only on the mechanical and topographical
properties of the biomaterial but also on the chemical
environment. Several groups have shown that chemistry has
an important effect on stem cell fate and used gradients to
study this.219,228,231,317 Voelcker et al.291 prepared density
gradients of COL1 (ranging from 78.5 to 132.3 ng/cm2) and
OPN (increasing from 9.6 to 21.4 ng/cm2) (Figure 15A). The
osteogenesis increased with increasing COL1 density, and the
optimum density was 124.2 ng/cm2, and 19.0 ng/cm2 for the
density of OPN. Moreover, Vasilev et al.228 fabricated OD−AA
gradient (N/C ratio between 0.04 and 0.16) and found that
the AA side improved the osteogenesis of stem cells, while the
OD side enhanced adipogenesis. With a similar gradient
platform, the authors also investigated the differentiation into
endoderm, mesoderm, and ectoderm in the absence of
bioactive differentiation factors.317 They found that high ratios
of AA/OD were beneficial for mesoderm and ectoderm.
Furthermore, OD−AA and AA−DG gradients were fabricated
to systematically screen MSCs differentiation.231 Using
osteogenic induction medium, osteogenic differentiation
increased along with the OD−AA gradient, and decreased
along the AA−DG gradient. In adipogenic induction medium,
there was no obvious difference for adipogenesis for cells
cultured on the OD−AA gradient, but declined from the AA
side to DG side. Furthermore, osteogenesis was significantly
enhanced by a thick surface of AA (>40 nm) under a mixed
differentiation medium on an OD−AA gradient. However,
adipogenic differentiation did not show remarkable differences
(Figure 15). These results show that stem cell fate can be
influenced by (bio)chemical cues and (bio)chemical gradients
are a powerful approach for screening the optimum condition
for specific differentiation behavior.
While these approaches focused on engineering gradients

with individual parameters (e.g., mechanical property, top-
ography, and (bio)chemistry), it is meaningful to prepare
various parameters on one substrate, as those may interact with
each other to affect cell behaviors in a synergistic manner.318

Several groups prepared multiparameter gradient platforms to
study stem cell differentiation.256,258,259 Rape et al. created
hydrogel composed of stiffness and Fn density combined in an
orthogonal way. After 1 week under mixed differentiation
medium conditions, differentiation of cells was assessed. A
higher density of Fn and higher stiffness was better for
osteogenesis, while adipogenesis depended on stiffness but not
on Fn density. For stem cell differentiation, 3D structures
better mimic the environment in vivo.319 Vega et al.320

fabricated a hydrogel substrate with RGD and HAV peptide
gradients to investigate the influence on MSC chondrogenesis.
The results demonstrated that higher HAV but lower RGD
density was beneficial for chondrogenesis.

4.3. Cell Migration on Gradients

For regenerative medicine, tissue reconstruction requires the
(stem) cell to be recruited to the injured site.321 To elucidate
the mechanism for this process and to provide more
information for preparing biomaterials, it is important to
investigate cell migration under physical, and (bio)chemical
cues.47 Cell migration always occurs in many physiological and
pathological activities, for instance, morphogenesis,322 angio-
genesis,323 immune responses,324 the renewal of skin and
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intestinal cells,325 and tumor metastasis.326,327 Cell migration
includes various complex procedures, including the formation
of filopodia, change of cell contractility, the development of
focal adhesions.328,329 Similar to other cell activities, cell
migration is also controlled by physical parameters (such as
stiffness and topography) and the (bio)chemistry of the
microenvironments of cells.330,331 The type of migration could
be divided into several types, including dissolved chemo-

attractants (chemotaxis), immobilized molecules (haptotaxis),
and biophysical contact cues (topotaxis, durotaxis).332,333

4.3.1. Durotaxis on Stiffness Gradients. The stiffness of
biomaterials is able to not only adjust cell attachment,
morphology, proliferation, and differentiation but also
modulate cell migration.334 The procedure to guide cell
migration by stiffness is termed “durotaxis”.335 Durotaxis
modulates cell migration by mechanical communication or
mechano-biochemical transduction.336,337 In addition, duro-
taxis is related to many biological procedures, including
epithelial-to-mesenchymal transition,338,339 nerve tissue devel-
opment,340,341 innate immunity,342 and cancer metasta-
sis.343,344 Durotaxis always triggers cells to move toward stiffer
parts.154 Wong et al.345 further indicated that durotaxis of
vascular smooth muscle cells increased with increasing
magnitude of the gradient, but there was no relationship
with the absolute modulus.
Until now, there is no conclusion about MSC differentiation

to be prior to migration or postmigration. To answer this
question, Engler et al. fabricated a hydrogel containing a
physiological gradient of 1.0 ± 0.1 kPa/mm, and found that
MSCs migrate to the stiffer region and then start to
differentiate into the specific cell type. Furthermore, Hadden
et al.48 developed polyacrylamide hydrogels with varying
stiffness gradients to study the migration of human adipose-
derived stem cells (hASCs). They found that the average speed
was similar for cells cultured on a shallow gradient (2.9 kPa/
mm) compared with that on a steep gradient (8.2 kPa/mm).
However, cells displayed obviously higher speed toward y-
direction, suggesting a stiffer region is beneficial for durotaxis.
In vivo it has been evidenced that mechanical gradients

always accompany changes in the composition of ECM for
many diseases. For example, for lung fibrosis, mechanical
properties increasing in the lung parenchymal tissue are
associated with the enhancement of COL1,346 and in breast
cancer, an increase of mechanical property from the tumor
core to the periphery is accompanied by elevated COL1 and
laminin.347 For this reason, Hartman and co-workers348

compared the durotaxis of vascular smooth muscle cells
(VSMCs) on stiffness gradients decorated with Fn or laminin.
The results (Figure 16A) demonstrated that VSMCs grown on
Fn-coated surface showed durotactic behavior. Nonetheless,
cells grown on laminin-coated surfaces did not exhibit
durotaxis.
Although most studies have focused on the durotaxis in 2D,

it is important to explore the influence of mechanical property
on cell migration in a 3D microenvironment as it could better
mimic the structure in vivo. Several groups studied the
influence of the stiffness gradient on cell migration in
3D.44,349 For instance, Joaquin et al.44 demonstrated that cell
migration speed was dependent on the development of the
stiffness gradient and not on the absolute stiffness value.

4.3.2. Topotaxis on Topography Gradients. Living cells
in vivo can sense the structure of ECM to modulate their
morphology, movement, and fate.350,351 It is well-known that
surface geometry of biomaterial can profoundly affect cell
migration.41,352,353 Cells are inclined to migrate along the
substrate grooves, while random movement happens on flat
surface.352 NIH3T3 fibroblasts grown on a grooved surface
with 550−1100 nm spacing displayed faster migration speed
than those on 2750 nm spacing.354 Kim et al.160 found that
fibroblasts adhering to the areas with higher density patterns
showed higher alignment and elongation along the ridges;

Figure 15. (A) Influence of COL1 and OPN gradient on Runx2
expression after 7 day under (a, c) osteogenic medium (OSM) and
(b, d) DMEM. (e) Quantitative results of Runx2 on the COL1 and
OPN gradients. Reprinted with permission from ref 291. Copyright
2019 Wiley-VCH. (B) Adipogenesis/osteogenesis on OD−AA
gradient under mixed medium after 14 days. (a) Nile red staining
and (b) Calcein Blue staining, respectively. (c) Quantification results
along the gradient. Reprinted with permission from ref 231. Copyright
2015 Elsevier, Ltd.
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while cells on the areas with the lower density of pattern
displayed a biphasic dependence of the migration speed on the
pattern density (Figure 16B). Recently, Ge et al.172 developed
a topographical gradient with wavelike features that gradually
change in wavelength and amplitude to explore the migration
behavior of fibroblasts. The wound coverage speed was
quantified on the regions with wavelength of 2, 5, and 8 μm
both in the perpendicular direction and parallel direction. The
results showed that smaller wavelength (2 μm) facilitated
migration compared to the larger wavelength, and the lower
amplitude was beneficial for cell migration. However, cells
showed quicker speed on a larger wavelength under the same

amplitude. These results provide important insights into
topography-induced cell migration.

4.3.3. Chemotaxis on Chemical Gradients. Various
biological and chemical cues are involved in cell migration.
Introducing these signals onto the surface of biomaterials will
affect cell migration behaviors.355 Many chemical cues have
been decorated onto biomaterials to study the movement of
cells, for example, chemical density,356 swelling,324,357 molec-
ular weight (MW),358,359 ECM proteins (fibronectin,250,360,361

collagen,362,363 lamin,364 and gelatin290) and their derived
peptides,247,248,365−370 and growth factors.250,251,370−372

Collagen is the main component within ECM and it can
significantly enhance cell attachment and spreading.47 Gelatin

Figure 16. (A) Representative migration behaviors for VSMCs cultured on the stiffness gradient and uniform stiffness gels decorated with Fn or
laminin. Reprinted with permission from ref 348. Copyright 2016 National Academy of Sciences. (B) Migration trajectories of cells on an (a)
densely and (c) sparsely spaced ridged arrays. The skewness of the distributions is shown in each panel (b, d). Reprinted with permission from ref
160. Copyright 2009 Elsevier, Ltd. (C) Cell migration trajectories on the swelling gradient. The arrows mean the ratios of cells moving to the
direction of the lower degree of hydration. Reprinted with permission from ref 357. Copyright 2013 Elsevier, Ltd. (D) Left: Schematic
representation for the structure of a complementary density gradient of PDMAPS and KHI. Right: The effect on the migration of SCs and FIBs.
Reprinted with permission from ref 368. Copyright 2015 Elsevier, Ltd.
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composed of various peptides and proteins resulted from
collagen hydrolysis can also improve cell attachment and
proliferation.373 Fn is another important protein within the
ECM and it is beneficial for promoting angiogenesis.374 Smith
et al.360 investigated the movement of bovine aortic endothelial
cells (BAECs) on Fn gradients bound on the gold surface.
They used two different methods (nonconfluent cells versus
confluent cells) to explore the migration behavior of BAECs on
the Fn gradients. The results displayed that the cell migration
speed increased with increasing the Fn gradient compared with
the uniform control substrate. The Fn slope of 0.15 ng/mm2

increased the migration speed of BAECs from −0.15 and 4.45
μm/h to 1.71 and 7.82 μm/h for nonconfluent and confluent
cells, respectively. Furthermore, migration speed is also
dependent on the density of the protein. For example, Cai
and co-workers362 prepared collagen density gradients onto
PDLLA film to investigate the migration of endothelial cells
(ECs). ECs grown on the gradient surface with low or
moderate densities of collagen showed a strong motility
tendency. However, there was a reverse trend for cells cultured
on the gradient area with low collagen density. These pieces of
evidence demonstrate that cell migration adjusted by the
collagen gradient depends on the protein density. However, it
should be noted that most gradients are relatively over-
simplified compared to degradable biomaterials. Therefore, Yu
et al.290 prepared a gelatin density gradient (from 0.49 to 1.57
μg/cm2) on poly(ε-caprolactone) membrane, and investigated
the influence on the migration behavior of ECs. Cells showed
directional migration toward the higher concentration of
gelatin. In contrast, the ECs showed random movement on the
PCL membrane and the uniform protein surfaces. Peptides
with amino acid sequences mimicking functional features of
ECM proteins have been used as an alternative for the above-
mentioned protein-density gradients because of their higher
stability and low MW. Most cells prefer to move toward the
higher concentration of peptide and migration behavior is
based on the gradient slope of the peptide. For instance,
Guarnieri et al.366 used a decorated RGD gradient on a
hydrogel surface and studied the influence on cell migration.
Results suggest that cells migrated to the higher density of
RGD compared to a uniform density of RGD, and increased
their migration by increasing the gradient slope (0.7, 1, and 2
mM/cm).
Except for ECM proteins and peptides, different kinds of

growth factors (basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF)) have also been prepared
into gradients to explore the influence on cell migration. Wu et
al.251 reported the influence of the density gradient of bFGF
(density increased with a slope of 17 ng/cm2/mm) on the
directional migration of VSMCs. They found that up to 70% of
the VSMCs migrated toward the part with a higher density of
bFGF. However, the bFGF gradient did not influence the cell
migration rate. A similar conclusion was also drawn by Cai and
co-workers372 with a different cell type. They fabricated a
gradient density of VEGF from 54 to 132 ng/cm2 with a slope
of 7.8 ng/cm2/mm. About 72% of ECs migrated toward the
part with a higher density of VEGF. However, the cell
migration rate was not influenced.
Although various gradients of biological molecules such as

proteins, peptides, and growth factors have been proved
effective in adjusting cell migration, it remains challenging to
design biomaterials for precisely modulating cell migration
because of the complexity of natural macromolecules in the

ECM where cells reside. In addition, these biological molecules
are costly and easy to diminish bioactivity or even denature,
limiting their applications in vitro. For this reason, Han et al.357

prepared the swelling gradient and found that the VSMCs
migrated to the low hydration region under a suitable cell
density (1.5 × 104/cm2) (Figure 16C). To avoid direct contact
between cells and only study the cell−substrate interactions,
the migration of cells at low density (5 × 103/cm2) was also
investigated. In this case, cell migration was not influenced.
Ren et al.358 prepared an MW gradient of poly(2-hydroxyethyl
methacrylate) (PHEMA) brush with a thickness between 3
and 30 nm and slopes of 0.8−3.2 nm/mm, and then studied
the directional migration of VSMCs. The VSMCs migrated
toward the region with reduced thickness.
The investigations mentioned above are mainly focused on

nonselective cell migration, however, selective cell migration is
extremely crucial in many physiological procedures, for
example, cancer metastasis, and inflammation.328 Undesired
cell migration can lead to serious problems.375,376 For example,
after vascular injury, the appropriate directional migration of
SMCs is important. However, compared to SMCs, fibroblasts
(FIBs) may have a quicker response to inflammatory
signals,377,378 leading to the generation of scars. This could
cause the reduction in contractile function of SMCs and final
angiosclerosis and adventitia fibrosis.379 Therefore, it is
important to design biomaterials that could facilitate the
directional migration of SMCs over FIBs.380

However, most kinds of biomaterials are not suitable for
selective cell migration and only some studies have reported
this.247,248,356,368,369 Yu and co-workers247 prepared density
gradients of Val-Ala-Pro-Gly (VAPG) peptides on a PEG
surface. This peptide can specifically bind to SMCs through
cell surface receptors.381 The results demonstrated that the
migration of SMCs was prompted toward the higher density of
VAPG. In contrast, the movement ability of FIBs was markedly
decreased. In addition, endothelium composed of endothelio-
cytes (ECs), is damaged during atherosclerosis. The migration
speed of SMCs is faster than ECs, leading to further damage to
the vasculature.382 Therefore, it is important to develop and
design a material that improves the migration of ECs over
SMCs. For this purpose, Yu et al.248 studied the density
gradient of Arg-Glu-Asp-Val (REDV) peptide and the
influence on the directional migration of ECs rather than
SMCs. REDV is the smallest active sequence of Fn and can be
recognized by the integrin α4β1 receptor on ECs.383 The
REDV gradient selectively improved directional migration of
ECs toward the higher density of REDV, while it markedly
decreased the attachment of SMCs without influencing the
migration speed and directionality. Furthermore, selective
improvement of directional migration of Schwann cells (SCs)
rather than FIBs is extremely important in peripheral nerve
regeneration, which is beneficial for neuron regeneration and
prevents fibrosis. Therefore, a complementary density gradient
of poly(3-dimethyl-methacryloyloxyethylammonium propane
sulfonate) (PDMAPS) and KHIFSDDSSE peptide (KHI) was
fabricated.368 The SCs displayed improved migration toward
the lower density of PDMAPS and higher density of KHI,
while the migration behavior of FIBs was not influenced by the
surface gradient (Figure 16D). Taken together, successful
adjustment of the selective directional migration plays an
important role for guided tissue regeneration.
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4.4. Bacterial Behaviors on Gradients

Bacteria, as one of the smallest and most tremendous
organisms on Earth, use various mechanisms to guarantee
their survival and flourish.384 Bacteria are capable of adhering
to biomaterial implants, and the subsequent colonization and
formation of biofilms are responsible for the failure of
implantable biomedical devices.385 Furthermore, about 60%
of nosocomial infections are associated with biomaterial-
associated infections.386 Physicochemical properties of bio-
material surface play a crucial role in the process of bacterial
adhesion, and several methods have been proposed to develop
different coatings, for instance, polymer brush-coatings,387

poly(ethylene glycol) (PEG) derivatives or zwitterionic
polymers,388,389 polycationic coatings (e.g., N,N-dodecyl,
methyl-PEI),390 polyurethanes,391 microgel.392 Our group has
demonstrated that microgel coatings based on poly-N-
isopropylmethacrylamide prevent bacterial adhesion, and
cross-linking density/mechanical property, the thickness of
the microgel coating have a significant influence on the
adhesion of bacteria. In addition, Vliet et al.393 prepared weak
polyelectrolyte multilayered substrata, ranging from 1 to 100
MPa, and found the adhesion of S. epidermidis and E. coli
correlates positively with the mechanical property of these
substrates, independently of other surface properties, for
example, roughness, charge density, and interaction energy.
Studies of bacterial adhesion on different coatings have made
excellent progress in understanding bacterial-surface inter-
actions, and several distinguished relevant reviews already
exist.394−397

However, there are relatively few studies devoted to
investigating bacterial behaviors on biomaterial surfaces via
gradient-based methods. Indeed, concentration/chemical
gradients in solution generated by, for example, microfluidic
device is a common method to study bacterial behavior, that is,
chemotaxis.398,399,408,400−407 These types of gradients bare
little connection to physicochemical properties of biomaterials
let alone any relationship with surface gradients. Although
gradients are already known and produced for decades, still it
shows that with these approaches many unresolved questions
are there for the solving. Future endeavors with physicochem-
ical gradients will surely enter the field of implant-associated
infections and be used to resolve fundamental questions
between surfaces and bacteria.

4.5. Limitations of Gradient-Based High-Throughput
Systems

Although a lot of progress has been achieved for preparing
gradient-based HTS platforms and study the physicochemical
influence of materials on various cell behaviors, it is challenging
to establish an HTS platform that possesses physical and
(bio)chemical properties. Until now, most studies about the
HTS platform are performed in 2D, only a few are in 3D.
While 2D would represent a tissue-implant interface, a 3D
environment would better mimic physiological conditions and
recreate pathologies. Therefore, 3D HTS platforms would
generate more insights that could also apply to 2D interfaces.
For determining the behavior of cells on implants, medical
device surfaces, or tissue engineering scaffolds, 2D platforms
still offer good insights into the behavior of cells. Although a
note of caution needs to be given as the initial seeding density
may already be a cell biological parameter that is influenced
that makes further studies more complex as cell−cell
interaction and paracrine cell−cell communication may affect

further development. Therefore, postverification is required to
draw unambiguous conclusions. Furthermore, the HTS
platform combined with dynamic environments will be helpful
for better understanding cell behaviors. Another limitation for
HTS is analyzing images and processing data. At last, the final
goal of HTS should be a focus on the application in vivo, and
so far no HTS in vivo has been investigated, which would be an
important step for regenerative medicine and tissue engineer-
ing.

5. MICROARRAY STRATEGIES APPLIED IN
BIOMATERIAL SCREENING AND USED TO MODEL
THE CELLULAR MICROENVIRONMENT

5.1. Introduction

While the previous section focused on gradient-based
technologies, here array-based systems are addressed for
studying the biological-biomaterial interactions. The merits
of HTS microarray technologies have already been discussed in
section 1, and include cost-efficiency, reproducibility, and
parallel experimental conditions for up to hundreds to
thousands of discrete conditions. Gradients are ideal for
investigating the effect of a gradual change of up to 2−3
parameters upon cell response; for example, the concentration
of amine surface groups mixed with a hydrocarbon
functionality,225 or the relative influence of topography versus
chemistry for a range of dimensions of the former and
concentrations of the latter.257 Micorarrays on the other hand
are well suited to look at many unique and spatially defined
identities in parallel, for example, a library of 141 monomers,
polymerized alone and mixed to form 909 unique polymer
spots on a microarray.409 As such, microarray technology
provides discrete representations of unique materials, or
material-topography combinations in the case of the Chemo-
TopoChip presented by Burroughs et al.410 with 1008 unique
environments, allowing large parameter space to be explored,
unrestricted by the need for them to be related as in the case of
gradients.
Within this part, section 5.2 outlines the methods used in

microarray preparation for cellular applications, while section
5.3 will review the HTS methodologies developed to
investigate how defined chemical and physical properties
within man-made biomaterials can invoke particular cellular
responses. Section 5.4 will consider the biological models and
assays used in high-throughput technologies, and their impact
in biology and biomedicine.
5.2. Methods for HTS of Cell−Biomaterial Interactions

Brocchini et al.411 published one of the first cell-based
screenings of a library of synthetic polymers in 1997. The
concept of combinatorial design in monomer systems was used
to create libraries of structurally related polymers that would
vary in a predictable and systemic fashion, which were then
tested to assess biological performance.411 In particular, 14
tyrosine-derived diphenols and eight aliphatic diacids were
prepolymerized in glass chromatography vials combinatorially
to produce 112 polyacrylates, characterized by using gel
permeation chromatography, WCA measurement, differential
scanning calorimetry, and thermogravimetric analysis. The
polymers were then coated onto glass coverslips in
quadruplicate and tested for their ability to promote cell
attachment and growth of rat lung fibroblasts in 24-well
nontissue culture-treated polystyrene plates; with tissue
culture-treated polystyrene as the positive control. The authors

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00752
Chem. Rev. 2021, 121, 4561−4677

4587

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00752?ref=pdf


performed correlation studies between chemical descriptors
and cellular performance, showing that WCA and the level of
polymer backbone substitution with oxygen correlated with
higher cell growth.412 This study illustrated well that
combinatorial approaches were indeed a valuable tool to (1)
increase the number of polymers tested for any given
application and (2) facilitate the systematic study of the
relationship between material properties and biological
response.412

To increase the number of materials that may be
investigated, polymer microarrays were developed where
small polymer spots in the μm-range afford high density on
a substrate. A large variety of techniques, such as but not
limited to, photolithography,413 soft-lithography,414 micro-
fluidics,415 nanolithography,416 contact pin,417 and inkjet418

automated printing, and on-chip synthesis,419 have been used
to fabricate microarrays. These approaches vary in their
flexibility; from the type and range of defined biomaterials,
they are able to support, to their solvent compatibility, their
freedom to control object shape, and their polymerization
strategies.
The microarray format is an ideal platform for the rapid

assessment of material-cell responses, utilizing robotics to
facilitate near parallel processing and chemical and cell analysis
at a rate that increased exponentially from traditional methods.
However, for microarray technologies to yield reliable
biological results, careful preparation and quality control
methods are required. In this section, the basis for the
fabrication of microarrays for cellular studies will be outlined,
along with the surface characterization required to elucidate
relationships between the cellular response achieved and the
properties of the biomaterial. A schematic of a typical workflow
for cell-based studies using microarrays is presented in Figure
17.
5.2.1. Microarray Preparation. In general, three key

features are shared among most high-throughput biomaterial

screening strategies for cell-based assays: (1) a patterning
technique that allows for uniform spot distribution and fast
preparation; (2) a cell resistant background polymer that can
enable ready spot location and maximize the signal-to-noise
ratio during the cell-analysis; and (3) fluorescent cell labeling
or transformation to allow for automated high throughput end-
point biological data collection and analysis.420

5.2.1.1. 2D Microarrays. Patterning Strategies. The techni-
ques that aim to fabricate flat polymer spots, or 2D microarrays
where cells are supported by the material of interest, have
already been reviewed in a number of articles.26,421 Typically,
they have been produced by using high-throughput patterning
technologies, which can be divided into two main groups:
liquid dispensing systems and microfabrication technolo-
gies.422 The liquid dispensing systems, which are generally
robotic, include both contact printing (normally pins) and
noncontact printing strategies419,423 (i.e., inkjet printing) and
can require a polymerization strategy (e.g., UV-based photo-
polymerization424 or 2-part reactions418). Other techniques,
such as microfabrication-based strategies, have mainly been
used for controlling biomaterial physical properties, such as
topography or elasticity, and will be discussed in section
5.2.1.2. Contact and inkjet printing is the most common and
widely used methods for the preparation of 2D microarrays, as
they can pattern thousands of different materials in discrete
spots and in a rapid manner;423,425 by changing the
compositions of the source solutions, different chemistries
are easily placed into spatially defined spots, typically 100−500
μm in diameter.
Contact printing technologies use a rigid pin (solid or split/

quilled) to transfer the prepolymerized polymer or monomer
for on-slide polymerization from a source plate (e.g.,
polypropylene 384-well plate426) to the destination (e.g.,
glass slide) (Figure 17). The process involves dipping the pin
into a small volume of sample, and then placing the pin in
contact with the desired substrate for polymer drop trans-

Figure 17. Illustrative workflow for high-throughput microarray studies in cellular applications (representations not to scale). First, microarray
fabrication can be done through automated liquid dispensing systems (contact printing with a solid or quilled pin, or inkjet printing). Second, high-
throughput is carried out for (1) material analysis technologies (e.g., time-of-flight mass spectrometry (ToF SIMS), WCA, X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM)), and (2) biological performance. Third, biological and structural data are correlated, and
used to generate structure−activity relationship models. The material library can be further mined through combinatorial microarrays of the highest
performing biomaterials, and computational models can be generated from the available data sets. After extensive mining of the microarray-
generated data, scale-up studies take the best-performing polymers onto bigger platforms, such as multiwell tissue culture plates, robot-assisted
automated cell culture platforms using RoboFlasks, or 3D culture by generating microparticles from the hit polymers and using them in Bioreactor-
based strategies. In-depth cell-based studies (e.g., proliferation assessment, transcriptional analysis, and specific cell marker immunostaining) can
then be performed in parallel to investigate the long-term effect of “hit” polymers on cellular behavior. Ultimately, preclinical studies on animals,
followed by clinical trials are undertaken to ensure the biomaterial’s safety and effectiveness in biomedical applications.
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ference, typically in the picoliter-nanoliter range. Contact
printing is regarded as a simple and robust technology capable
of printing high-density microarrays (e.g., Hook et al. in
2012427 used it to print 576 unique polymer solutions in
triplicate), but with the limitation of having a fixed dispensing
volume. It has also been reported to have higher spot size
spreading, when compared to inkjet printing, in one particular
sytem.423 Sequential overprinting has also been reported to
increase spot area and polymer deposition.426

Drop-on-demand inkjet printing systems, such as piezo-
electric-inkjet423 and thermal-inkjet,428 have also been reported
in microarray fabrication for cellular applications.418,423,429,430

Some of the advantages of inkjet printing over contact printing
are the ability to tune drop volume, lack of contact with the
substrate (so overprinting can be performed without fear of
cross-contamination), and fast and robust cleaning by flushing
solvent between solutions.423 Piezoelectric dispensing uses a
piezoelectric crystal that is in contact with a capillary tube to
apply force to the fluid and eject the polymer droplet when a
voltage is applied,423 while thermal-inkjet, also known as
bubble-jet, utilizes rapid heating of the samples to create a
pocket of gas (or bubble), which then pushes or “ejects” the
polymer out as a droplet.428 Piezoelectric dispensers can create
drops in the picoliter range and operate at 1000−5000 drops
per second.429 However, given the small size of the orifice and
its dependence on surface tension, it is highly sensitive to
precipitation and solvent viscosity, so there are limitations to
the polymers that can be printed.429 Thermal-inkjet technology
can generate small volume droplets (150−200 picoliters),
however, the solvent chemistry is limited to vaporizable and
thermally stable inks,431 which is potentially why it has not
been commonly used in combination with wide range of
biomaterial libraries.
Celiz et al.423 compared the spot formation of a wide

combinatorial library of acrylates and methacrylates (mixing
monomers pairwise) on microarrays produced by contact
printing with quilled pins and piezoelectric inkjet printing.
TOF-SIMS surface analysis on the differentially printed
microarrays showed that inkjet printing generated discrete
spots of 250−400 μm with reduced chemical spreading when
compared to contact printing. Monomer combinations that
had spread (in the order of mm) and cross-contaminated other
spots in the contact printed microarray, had been contained to
their spatially defined spots by using inkjet printing. It is worth
noting that not all monomers could successfully be printed
using the piezoelectric-inkjet printer; this was attributed to air
bubble formation within the nozzles, which can disrupt
polymer droplet formation. Solution viscosity and polymer
solubility are also limiting parameters to consider when using
inkjet printing strategies.429,432

Background Polymer. The chemistry of the underlying
substrate material plays an important role in the formation
and subsequent performance of microarrays in biomaterial
discovery for cellular applications. This background must be
both resistant to the polymer printing process (e.g., not be
overly disrupted by the printing solvent), contain the spreading
of the printed polymer solutions to reduce cross-contamination
of the separate spots, and repel cell attachment and protein
adsorption to optimize signal-to-noise ratio in the subsequent
biological assay.26 The polymer spots also need to withstand
subsequent sterilization protocols and biological assays for data
collection, and thus, they need to be immobilized within the
background with sufficient strength and durability, with

physical entanglement within a background polymer being
commonly used (e.g., poly(2-hydroxyethyl methacrylate)
(pHEMA)).26

Several substrates have been reported, with a preference for
cheap and robust coating methodologies. For example, dip-
coating epoxy functionalized glass slides into a pHEMA
solution creates a nontoxic layer that repels most cell
attachment as well as provide a stable matrix in which the
polymer can physically entangle, retaining stability and spot
size during printing.433 A 30−40% humidity atmosphere can
induce swelling of the pHEMA and facilitate polymer
penetration, subsequently reducing spot “spreading” or cross-
contamination, and further immobilizing the resulting polymer
and decreasing spot-delamination postprinting.433 Conse-
quently, pHEMA thickness is surprisingly important in
controlling spot spreading, where polymer concentration and
parameters such as the number of dips and withdrawal speed
control the resulting pHEMA thickness.423 The epoxy groups
are intended to form covalent linkages with the pHEMA,
although they may just act as a compatible surface, and dip-
coating is readily achieved by immersion and removal of the
slide into a 4% (w/v) pHEMA solution in ethanol, preferably
under automation.433 Agarose dip-coating on aminoalkylsila-
nated slides is also a widely used strategy, showing negligible
background cell attachment and retaining stability throughout
the polymer printing and UV sterilization processes.425,434

Another reported polymer is PEG, synthesized by incorporat-
ing a small proportion of functionalized PEG molecules into
the underlying silane formulation, it generates a substrate that
can be used for the covalent binding of peptides, natural
polymers, hydrogels or synthetic polymer biomaterials.434,435

Preparations of the nonionic surfactant Pluronic436 have also
been used, typically in combination with biomolecule-based
microarrays, as a commercially available and cell-compatible
formulation that effectively repels cell binding.437

Masking. The incorporation of a mask to pattern the
polymers into a defined space has been used to increase spot
density by confining the liquid monomers prior to curing. For
example, Hansen et al.438 used such an approach to print a
high-density microarray (7,316 distinct polymer features on a
standard glass slide).438 First, a 20% w/w sucrose solution was
inkjet-printed at 400 μm distance onto acrylate functionalized
glass slides, followed by passivation with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-dimethylchlorosilane (FDS) and removal of
the sucrose mask using water and acetone. The exposed glass
surface was then functionalized with 3-(trimethoxysilyl)propyl
methacrylate, allowing spatially defined anchoring and in situ
polymerization of the different monomer/initiator solutions.438

The fluorinated-mask defined the sizes of the subsequently
printed polymers while also reducing nonspecific cellular
attachment. The microarray printing required a two-step
production process, first printing half of the polymer spots,
with 20 min polymerization under UV light and cooling
conditions on ice, followed by a second printing batch of the
rest of the spots, increasing printing time significantly. This
masking-based approach allowed for the fabrication of a high-
density polymer microarray, with polymer spots of 200 ± 20
μm diameter. X-ray spectroscopy analysis showed uniform
intensity profiles across the features and spot confinement of
the chemical identities.438

Polymerization Strategies. Polymerization of each of the
printed spots can be achieved before, during, or after the
printing process; for example, the polymers can be spotted as
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Figure 18. (A, B) Combinatorial strategy applied to microarray formation Reprinted with permission from ref 441. Copyright 2013 Wiley-VCH.
(A) Schematic of the combinatorial design; (i) first generation array consists of 116 homopolymers, (ii) second generation array consisted of 324
copolymers formed by mixing 18 “hit” monomers pairwise, (iii) third generation array explored 13 “hit” compositions from the second generation
array via incremental compositional variations, (iv) lead compositions from the third generation were selected for scale-up and additional testing.
(B) Results from applying the microarray strategy from Hook et al.;441 (i) chemical structures of hit monomers selected from the 1st generation
array; (ii) intensity scale image representing bacterial attachment averaged value (iota) for each of the materials in the 2nd generation array, the
scale on the right is nonlinear to highlight the range of the array, the central square is the iota value, while the narrow columns to the left indicate
standard deviation (n = 3), the major or minor monomer is indicated across the row or column, respectively; (iii) intensity scale image of the iota
value for each of the materials in the third generation array, the monomers used are indicated to the left and right of the intensity scale, and refer to
the monomers shown in (i), the content (%) of each of the monomers listed on the left is indicated in the top row. (C, D) Microarray fabrication.
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prepolymerized solutions412,426 or monomer solutions can be
dispensed and subsequently polymerized on-slide.419,420

Monomer solutions can also be printed over each other to
achieve unique, automatically generated monomer mixtures
and polymerized in situ.419 While prepolymerization and
deposition from solution allow the use of standard polymer
characterization techniques (e.g., gel permeation chromatog-
raphy), on-slide polymerization translates to higher flexibility
in monomer combination, increasing the high throughput
nature of these studies.111,409,427,439−441 In 2004, Anderson et
al.424 presented the first on-slide polymerization of acrylate
monomers.424 Using a contact printer, 25 different acrylate,
diacrylate, dimethacrylate and triacrylate monomers were
mixed pairwise in a 384-well black polypropylene plate at a
ratio of 70:30 (v/v) and printed in triplicate on pHEMA
coated, epoxy-functionalized glass slides. Some required
adjustments over the traditional prepolymerized polymer
printing were: (1) incorporation of 25% DMF to reduce
viscosity; (2) argon atmosphere with less than 0.1% oxygen
composition, as oxygen was found to inhibit radical polymer-
ization at such small volumes; and (3) high humidity to
minimize failed printing, presumably reducing static effects.424

The final printing setup consisted of 75% v/v monomer in
DMF, with 1% w/v of the initiator 2,2-dimethoxy-2-phenyl
acetophenone.424 This on-slide polymerization approach
readily allowed for multiple generational screening by using
off-the-shelf commercial monomer libraries. As proof of
principle, human ECSs were used to investigate the effect of
the polymer microarray on cell phenotype, with cell attach-
ment showing confinement to the defined spots.424

In 2012, Hook et al.427 used the same approach to produce
576 unique copolymers in a two-generation microarray setup.
A library of 22 commercially available monomers of wide
chemical diversity was used to generate a large combinatorial
space; 16 monomers were premixed as the major monomer to
the other 6 minor monomers in ratios of 100:0 (homopol-
ymer), 90:10, 85:15, 80:20, 75:25, and 70:30, totaling 576
combinations.427 They contact printed each solution on a
pHEMA coated epoxy glass slide using the same modified
conditions (<1% oxygen, argon atmosphere, high humidity) as
Anderson et al.424 Three different GFP-transfected bacterial
species (S. aureus, P. aeruginosa, and uropathogenic E. coli
(UPEC) were incubated on the arrays for 24 h or 72 h at 37
°C. Polymers that were resistant to bacterial attachment were
identified, and correlation studies showed that some polymers
had superior biological behavior as copolymers than as
homopolymers, indicating a synergistic effect (found in 11 of
the 96 monomer pairs).427 Five high-performing monomers
were selected and mixed pairwise at 14 different ratios, creating
a “second-generation” array of reduced combinatorial space
but increased combinatorial resolution.427 Subsequently, an
even more diverse array was published by Hook et al.441 in
2013 combining 116 unique off-the-shelf meth(acrylate)
monomers to generate 1273 distinct polymers tested against
multiple pathogens and environments in a combinatorial

manner (Figure 18A/B), totaling 19 870 separate measure-
ments in three generations of combinatorial arrays of increased
compositional resolution.441

Bradley and co-workers in 2007419 presented the concept of
spot-to-spot fabrication using in situ pico-nano liter-scale
polymerization to form hydrogels on glass slides. They used
inkjet printing to first print initiator drops, followed by drops
containing a series of monomers with a reductant which
stimulates polymerization in combination with the initiator;
combining 7 different monomers to create 36 different
polymers in situ. To show that the polymers prepared in situ
were analogous to those prepared in conventional conditions,
the same polymers were synthesized on glass slides (printing
200 features) and under identical conditions in glass vials. The
polymers were dissolved and characterized via gel permeation
chromatography. The average MW of the polymers ranged
from 3.7−8.2 × 105 Da (on the slide) to 3.3−12 × 105 Da (in
the glass vial), and the polydispersity index range for the in situ
generated polymers (6.1−8.8) was similar to the range on the
polymers polymerized in the glass vials (3.3−9.8). This
approach allowed access to a broad range of new polymers
in a highly miniaturized manner.
In 2009, Bradley and co-workers418 used the same spot-to-

spot fabrication strategy in combination with masking of areas
of the slide to generate a high-density microarray, with 2280
unique polymers on a standard microscope slide (2436 total
spots) (Figure 18B). A sucrose solution was inkjet-printed to
pattern 28 × 87 spots/slide, with an interspot distance of 0.8 ×
0.8 mm2, followed by masking. On-slide polymer synthesis was
achieved as follows for each line of spots: (i) printing of 28
spots with 10 drops APS solution per spot, (ii) overprinting
monomer 1 with the number of drops descending from 27 to
0, (iii) overprinting of monomer 2 with drop numbers
ascending from 0 to 27, and (iv) activation of the
polymerization by overprinting 10 drops of TEMED per spot
(Figure 18C,D). The microarray was then used to assess cell
attachment and release 37, 20, and 10 °C, and temperature-
related performance was correlated to the polymer composi-
tion. Hit polymers were identified that allowed cell attachment
and growth at 37 °C, and enzyme-free release by incubating
the cells at 10 °C for 20 min, reporting 92% detachment, and
88% viability of the recovered cells.418 Hansen et al.438 used a
similar approach to produce a high-density microarray with
7316 features and used it to identify a polymer (1:1 ratio of 4-
tert-butylcyclohexyl acrylate and n-butyl methacrylate) capable
of supporting attachment, expansion, and differentiation of
human pluripotent stem cells (PSCs).
Solvent. The solvent used for liquid dispensing of solid

polymers/monomers is typically related to the library of
polymers chosen. Early studies used very small amounts of
solvent, but later work increased the solvent:monomer ratio to
facilitate spotting strategies, achieving stable spot diameters
when using more diverse chemical libraries.442 Indeed, Hook et
al.443 investigated variable features within spot printing, and
showed that when using diverse polymer libraries chemical

Figure 18. continued

Reprinted with permission from ref 418. Copyright 2019 Elsevier, Ltd. (C) Representation of the spot-in-spot fabrication strategy, (i) ratio of
monomer drops printed on each spot, (ii) schematic pattern of the printed microarray. (D) Results by Zhang et al.:418 (i) image of a microarray
printed on a microscope slide with 28 × 87 polymer spots, (ii) corresponding fluorescent image of the spots, (iii) mosaic made with brightfield
images of representative spots on the microarray, (iv) corresponding fluorescent images for the spots represented in (iii), (v) enlarged brightfield
image of a feature with cells (red box in (iii)), (vi) enlarged fluorescent image of cells on a spot (red box in (iv)), scale bar = 200 μm.
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incompatibilities can arise, and thus, quality control strategies
are required to monitor spot spreading, noncircularity,
chemical heterogeneity and roughness (Figure 19).443 Studies
with acrylate/acrylamide-based libraries have typically used
DMF (up to 50% v/v), printed at 30−40% humidity, and low
oxygen (<2000 ppm).424,433 After the printing and polymer-
ization process, the microarray is typically dried in a vacuum
oven (<50 mTorr) or in atmospheric conditions, to remove
solvent and unpolymerized volatile monomers.433 The choice
of solvent influences the system and can affect other processes,
such as the background polymer. Some groups have used 1-
methyl-2-pyrrolidinone (NMP) as a printing solvent, which
was selected on the basis that the majority (>95%) of their
polyurethane-based library is soluble in it.425 However, because
NMP can disrupt pHEMA due to dissolution, agarose was
used as the background polymer on the basis of its resistance
to the solvent and stability through the UV-sterilization
process.425

The coffee-ring effect, in which the inner and outer regions
of the spot display different surface chemistry profiles, can be a
big problem in patterned printing of polymer solutions.443

Solvent evaporation during automated dispensing can alter the
spot chemical patterning; thus drop spacing, number of drops
per spot, and printing atmosphere (temperature and humidity)
need to be carefully evaluated to generate uniform spots.444

The use of high humidity (73%) conditions has been reported
to prevent solvent evaporation during the printing process.419

Another strategy by Bradley et al.445 used a mineral paraffin oil
layer to control solvent evaporation. Monomer droplets (50%
w/v in NMP) were inkjet-printed onto an agarose-coated slide
that had been pretreated with a thin oil layer. The monomer
solution would sink and settle into the agarose layer, and the
oil would prevent any solvent evaporation before the UV-based
polymerization step spatially contained the polymers. The
thickness and density of the oil layer were shown to be crucial
for accurate fabrication (15 μm and 0.89 g/mL); a thick
enough layer was necessary for uniform slide coverage, while
too thick of a layer allowed drops to slide and loose spatial
definition. Sequential weighing of the microarray after printing

(every 1 min for 4 h) was performed to show the lack of
evaporation. Gel permeation chromatography was used to
investigate the MW of the resulting polymers, with most
polymers showing the same MW as obtained with traditional
polymerization methods (identical conditions in a glass
vial).445 The microarrays were then validated for cell-based
assays using mouse ECSs, with several spots showing successful
survival and growth of these sensitive cells.
Postprocessing. Before cell assays can be performed, a

sterilization step is required to remove any ambient pathogens.
Polymer microarrays are typically sterilized by UV-exposure,
ranging from 10 to 30 min depending on polymer
stability.433,438 In cases where UV-exposure could damage
the microarray patterning (i.e., protein-based patterned
formulations), incubation in a 70% ethanol solution,446 or a
high-concentration antibiotic and antimycotic solution317,447

have been reported as sterilization methods. The microarrays
are then thoroughly washed with ultrapure water, phosphate
buffer saline or cell culture medium to prepare them for cell
culture conditions.

5.2.1.2. 2.5/3D Microarrays. HTS technologies have also
been used to study the effect of varying mechanical/physical
cues on cell behavior, and to gain insight into the 3D cellular
microenvironment. In these types of microarrays, the cells are
typically immersed within the biomaterial or sitting on a
topographically patterned surface. Fabrication strategies for
2.5/3D microarrays include direct printing, embossing, and
lithography methodologies.
Direct Printing. Direct printing of 3D features is typically

done through automated contact or inkjet printing. To achieve
direct cell encapsulation within the biomaterial, nanoliter
volumes of a solution containing the polymer precursor are
premixed together with the cells and potentially relevant
proteins. An example of this technology is the work published
in 2015 by Dolatshahi-Pirouz et al.,448 which used in situ silane
adhesion to 3-(trimethoxysilyl)propyl methacrylate-treated
slides to pattern droplets via contact printing of methacrylated
gelatin premixed with human MSCs (mesenchymal stem or
stromal cells) and ECM proteins (fibronectin, OCN, and

Figure 19. Microarrays assessed for spot defects. Reprinted with permission from ref 443. Copyright 2013 Royal Society of Chemistry. (a)
Overview of a combinatorial microarray prepared using premixed combinations of commercially available monomers and on-slide polymerization.
(b) Representative images of defective copolymer spots showing noncircularity, spreading, and roughness (light microscopy), and chemical
heterogeneity (ToF SIMS images of the C3H3

− ion); images of the corresponding nondefective homopolymers (left images); (c) AFM images of
polymer spots assigned with a roughness defect. Images are 5 × 5 μm2.
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Figure 20. Microarray fabrication strategies for 2.5/3D microenvironment investigation. (A) Microarray production. Reprinted with permission
from ref 448. Copyright 2015 Nature Publishing Group. (a) Schematic of the microarray production process, (b) human MSC viability after 7 days
in culture along with a color-diagram (right) displaying the quantified cell viability per system. (B) Microarray. Reprinted with permission from ref
450. Copyright 2014 Nature Publishing Group. (c) Enzymatically mediated cross-linking scheme represents a specific peptide sequence, (d)
biologically relevant factors are used to generate a combinatorial toolbox in a categorized form, (e) schematic of the experimental process:
combining the components library with reporter cells (Oct4-GFP mouse ECSs) using robotic mixing and dispensing technology into 1,536 well
plates, (f) representative images of automated microscopy, used to determine colony growth in every single well over a 5-day experiment, (g) 3D
confocal reconstruction and (h) image segmentation using automated microscopy and computational methods; scale bar = 200 μm. (C)
Microfabrication strategy. Reprinted with permission from ref 452. Copyright 2010 Elsevier, Ltd., (i) schematic representation of the fabrication

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00752
Chem. Rev. 2021, 121, 4561−4677

4593

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00752?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00752?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00752?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00752?fig=fig20&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00752?ref=pdf


laminin), with a very quick UV treatment step to polymerize
the gels without affecting cell viability (Figure 20).448 Prior to
printing, combinations of ECM proteins, cells, and hydrogel
solutions were premixed and injected into 384-well plates, with
a total of 96 different combinations. During the printing
process, the temperature was kept above 22 °C and the
humidity above 90% to avoid polymer evaporation and cell
death. A 15 s UV light treatment (320−500 nm, 800 mW
power, 10 cm height) was used to cross-link the cell-laden
hydrogel. The gels showed uniform cell distribution and high
viability for up to 7 days, after which cell viability slightly
decreased (Figure 20A(b)).448 The authors attributed this
lower viability after long-term culture to the high cross-linking
density of the hydrogels. However, a more in-depth analysis
was needed to investigate the cell response to the UV
treatment. Elastic modulus, protein content, and soluble
growth factors were probed against viability and osteogenic
differentiation of the MSC; via ALP, OPN, and alizarin red
staining.448 The results of this screening showed that
combinations of ECM proteins (gelatin, laminin, fibronectin,
and OCN) induced significantly higher ALP expression, and
thus osteogenic differentiation, than individual components.
To generate 3D cell-laden biomaterials through direct

printing, the cells need to be embedded within the biomaterial.
This embedding is ideally performed during the printing
process. However, the robotic handling of living cells has its
own unique challenges; as the precursor solution, cross-linking
strategy and handling technique must not be cytotoxic or
carcinogenic. As such, a range of “bio-inks” (biocompatible
printing solutions) have been developed, based on advances in
the field of cell culture using autogelation, photoinitiation,
enzymatic-mediated cross-linking or thermal gelation.449 For
example, Lutolf and co-workers450 have developed a multi-
modal assay platform by using the coagulation enzyme-
activated transglutaminase factor XIIIa (FXIIIa) sequence to
cross-link PEG-based macromers into 3D hydrogel networks
(Figure 20B).450 The insertion of a short peptidic substrate
from FXIIIa allows for site-specific enzymatically mediated
amide bond formation between the PEG chains under
physiological conditions, thus increasing cell viability. A
programmable nanoliter-range liquid handling robot generates
1:l of each unique condition in triplicate and in a completely
automated manner, and subsequently prints them onto a glass
slide or a standard 1536-well plate (Figure 20B(e)). The
microwell plate format is used as an ideal surface-to-volume
ratio for the hydrogel drops, physically isolating each well from
its neighbors (in contrast to the glass slide format) and
rendering each well as a truly independent experimental
condition free of soluble factors cross-contamination.450 This
microarray platform allowed for the modulation and study of
five key parameters: (1) hydrogel modulus, (2) proteolytic
degradability through the insertion of a peptide sequence
susceptible to cell-mediated cleavage, (3) ECM protein
composition, (4) cell−cell interactions, and (5) soluble
cues.450 By using an Oct4-GFP reporter mouse embryonic
stem cell (ESC) line in conjunction with automated imaging,
the platform worked as a multimodal assay platform allowing

multiple readouts in parallel (Figure 20B(f)). The cell-laden
hydrogels were imaged the day after printing to obtain initial
fluorescent levels per well, and subsequently, every day to
assess changes in cell number and colony formation. In the
most permissive conditions, the cells formed spherical colonies
within 3 days, and kept proliferating until fixation and staining
at day 5. High-resolution confocal microscopy confirmed that
colonies grew in a 3D space of approximately 500 μm thickness
(Figure 20B(g)). An automated analysis script developed in
CellProfiler (Broad Institute) was used to segment and analyze
colony area, the measure of mouse ESC proliferation, and GFP
intensity, as a marker of undifferentiated ESCs (Figure
B20(h)).
In 2017, Sharma et al.451 used contact printing together with

electrospinning to generate highly tunable fibrous PEG-based
microarrays amenable to the spatially controlled presentation
of peptides.451 Their technology used the selective reactivity
and chemical robustness of the thiol and norbornene click
reaction to generate cross-linked fibrous PEG-based scaffolds
via electrospinning. By reacting off-stoichiometry, free
norbornenes could be preserved along the fibers, and
subsequently functionalized via a second-step photo “click”
reaction for the introduction of cysteine/thiol-containing
peptides into the fibrous matrix, which was contact printed
for defined spot generation. As proof of concept, the authors
showed cell attachment of several mice and human cell lines,
and their morphological changes to variable peptide residue
presentation in the 3D fibrous tissue-mimicking environ-
ment.451

Direct Embossing. Lithography-based printing techniques
have also been used to generate microarrays for cellular assays.
For example, Moraes et al.452 used mask-based soft lithography
to investigate the effect of mechanical compressive strains
(ranging from 6% to 26%) on cells encapsulated in PEG-
hydrogels. The device pitch was based on a 1536-well plate and
consisted of 25 vertically actuated loading posts arranged in a 5
× 5 array, with 5 replicates per mechanical condition (Figure
20C(j)). For the device fabrication, PDMS was cured and
bonded in different steps to generate a spatially defined
actuation cavity chamber network. A solution of PEG
monomers mixed with cell medium, a photoinitiator, and live
mouse MSCs, was then injected into the PDMS chamber using
a long needle, and masking was used to selectively photo-
polymerize the cell-laden hydrogel pillars with UV light
(Figure 20C(i)). The array of pillars was suspended over
actuation cavities of varying diameters, allowing the formation
of a range of vertical displacements by applying a 55 kPa
pressure via a solenoid valve (Figure 20C(i,j)). During the
hydrogel polymerization, cell viability was found to decrease
significantly for UV-polymerization times greater than 300s.
Therefore, a 1 μm thick layer of Parylene-C was used to
protect the cell-laden hydrogel from UV overexposure, also
reducing oxygen permeation onto the system and formation of
cell-toxic free radicals. A UV exposure time of 195s at 17.5
mW/cm2 was found to obtain initial cell viability of 69.4 ±
3.4%, comparable to the viabilities achieved in similar PEG
hydrogels.453

Figure 20. continued

process for mechanically active 3D cell culture arrays, (j) photo of the entire array connected to the solenoid valve, the green dye in the pressurized
actuation channels), (k) increasing actuation cavity size across the array enables a range of mechanical conditions to be created simultaneously, (l)
cylindrical hydrogel polymerized on a loading post of the active culture array.
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Indirect Patterning. Lithography techniques have also been
used to create a reverse mold to indirectly pattern structures
onto polymers and create microarrays of varying micro- and
nanotopographies. Such as the technology developed by de
Boer and co-workers,454 which increased the number of
topographies available in a single microarray to 4000+,
allowing libraries of randomized surface topographies
generated in silico to be explored in vitro and moving beyond
simple geometric shapes such as pits and grooves. Microsized
“primitive” shapes (circles, rectangles, and triangles) were
combined to form a range of 10 μm high “topofeatures”, and

patterned into 300 μm × 300 μm TopoUnits455 (Figure
21A,B). Photolithography is used to etch the micropatterns
onto a master mold made from a silicon wafer, followed by hot
embossing of PLA films (250 μm thick) creating the final
microarray, called a TopoChip.455 The TopoChip is divided
into four quadrants, where quadrant A has identical TopoUnits
to that of Ai and quadrant B is identical to quadrant Bi, to
ensure that the different TopoUnits have duplicates in different
spatial areas (in the middle of the array or the periphery), and
reduce localization-induced variation on cell responses. The
TopoChips can also be fitted to a variety of materials used in

Figure 21. Representative microarrays to investigate the effect of topographical features on cell phenotype. (A−E) TopoChip characterization.
Reprinted with permission from ref 455. Copyright 2011 National Academy of Sciences. (A, B) SEM images of a section of TopoChips, displaying
accurate feature replication (scale bar = 50 μm), (C) image of the TopoChip carrier, lid and chip assembly, (D, E) light microscopy images of cells
seeded onto the TopoChip displaying homogeneity of cell distribution within and between TopoUnits. (F) TopoWellPlate fabrication scheme.
Reprinted with permission from ref 51. Copyright 2011 Wiley-VCH. representing the following steps (a) silicon master mold containing the inverse
structures of the selected topographies is used to (b) cast a layer of PDMS, followed by (c) curing of the PDMS layer and (d) peeling off from the
silicon master. (e) OrmoPrime is applied to a Borofloat wafer, followed by application of OrmoStamp onto the PDMS mold, (f) which is spread by
capillary forces, (g) UV curated and (h) peeled off from the mold. The hot embossing process involves (i) the inverse OrmoStamp mold is aligned
(j) to the polystyrene film followed by (k) hot embossing and (l) gentle peeling off. The patterned polystyrene film is then (m) aligned to the
bottomless 96-well plate and an aluminum thermal stamp, followed by (n) thermal bonding, resulting in (o) a leakage-free well plate containing
defined surface substrates.
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tissue engineering, such as on microscope slides (Figure
21C),455 at the bottom of tissue-culture plates for a
TopoWellPlate (Figure 21F),51,456 and nanosized to generate
the so-called NanoTopoChip.457 Cells are shown to distribute
evenly through gravity over the entirety of the array (Figure
21D,E).455 After cell seeding and incubation, automated
microscopy is used to evaluate a large number of varying cell
parameters number, such as total and nuclear size, spreading,
orientation, morphology, proliferation, and expression of cell-
type-specific markers.
For the fabrication of the TopoWellPlate, De Boer and co-

workers51 used polystyrene instead of PLA, as it is the golden
standard for tissue-culture substrates. Polystyrene is regarded
as a stiff and brittle polymer, so Zhao et al.458 optimized their
hot embossing methodology using OrmoStamp, a UV-curable
hybrid polymer that was developed as a tool for UV
nanoimprint lithography. The fabrication method used (1) a
TopoChip silicon mold fabricated through micromachining
technologies, to (2) emboss an intermediate PDMS mold,
which was then used to (3) pattern an OrmoStamp solution on
a Borofloat wafer, using UV polymerization and nanoimprint
lithography; (4) the OrmoStamp mold was then baked at 130
°C, cooled down and treated with a gentle plasma treatment;
(5) this mold was then used for the hot embossing of a
polystyrene film, followed by gentle O2 plasma treatment of
the free-standing polystyrene chip.458 For the fitting into a well
plate, Beijer et al.51 used thermal bonding; the polystyrene
chips were aligned with the chimneys of a bottomless 96-well
plate and an aluminum heat-transmitting stamp, and placed in
a temperature-controlled press; effectively generating a
leakage-free polystyrene 96-well plate with 87 topographically
enhanced and 9 control unpatterned wells (Figure 21F). As
proof of principle, primary bone marrow-derived MSCs were
seeded onto the TopoWellPlates, and their metabolic activity
was measured using a Presto Blue assay. A clear 2.5-fold
difference between the lowest and highest scoring conditions
demonstrated the effect of the different topographies on cell
metabolism. The TopoWellPlate was presented as a platform
for transcriptomic, proteomic, and metabolomic analysis, as the
well-plate format allowed for completely isolated conditions.
5.2.2. Microarray Analysis for Characterization,

Quality Control, and the Construction of Structure−
Performance Relationships. 5.2.2.1. Array Material Char-
acterization. Array preparation is a complex process, and
many aspects can go wrong. To name a few, monomers can
carry over due to insufficient washing of pins or piezo pipettes,
contaminants can be introduced by dirty solvents, spots can
spread unexpectedly, contaminants in the supporting hydrogel
can alter the spots’ surface chemistry, the background
chemistry itself can contribute to the spotted biomaterial,
spots can fail to print, and there are many other occurrences
virtually invisible to the human eye or even microscopy, which
can affect the cellular response to a biomaterial.423

Consequently, chemical surface analysis is essential in the
quality control of polymer microarrays.51 Presynthesized
polymers can be characterized using analysis of their MW,
wettability, and purity before spotting onto the array.425

However, for microarray strategies that use on-slide polymer-
ization, bulk characterization techniques can only be
performed if many spots of the same chemistry are printed,
polymerized, and then removed in solution to be analyzed
using gel permeation chromatography and nuclear magnetic
resonance instruments.419 Moreover, traditional bulk-polymer

characterization techniques miss surface segregation and
contaminants, which when analyzed using solution-based
strategies can represent subdetectable levels.
Surface chemical analysis of printed arrays is therefore a

required step; initially, as a development tool to control and
optimize the fabrication process, and subsequently as quality
control, detecting differences between manufactured micro-
arrays and generating accurate in situ biomaterial character-
ization data for correlation studies and computational
modeling.51,459 To achieve full exploitation of the data
generated from polymer microarrays, the same analysis given
to the “hit” polymers has to be performed for the non-
functioning ones, to truly be able to generate in silico models
for structure-polymer interaction.
WCA was the gold standard at the beginning of polymer

microarray characterization.425 However, studies using diverse
polymer libraries have shown no correlation between cell
attachment and wettability, and other characterization
techniques have taken relevance in polymer characterization
(reviewed in116). Furthermore, wettability is a very unspecific
measurement, that is, contamination may not be detected by
small differences in expected WCA values (if known) and are
even less likely to be assigned from such measurement.
Consequently, time-of-flight secondary ion mass spectrometry
(ToF SIMS) and XPS, which are able to detect small
contaminant levels, have become prevalent in microarray
analysis and characterization, and are carried out as standard in
some laboratories. In particular, ToF SIMS has proven
exceptionally well suited to achieve structure-performance
relationships between the materials surface mass spectrum and
cellular outputs in eukaryotic and prokaryotic cells.111,427,460

5.2.2.2. Adsorbed Layer Screening and Characterization.
Synthetic materials have traditionally required the adsorption
of proteins onto the surface to achieve robust cell attach-
ment.461−463 These proteins serve as anchors/translators for
cell surface engagement and subsequent cell adhesion,
spreading and migration processes, with eventual ECM
deposition by the adhered cells themselves.461 Immediately
after submerging a synthetic material in a protein-containing
liquid, protein adsorption begins, as it happens within a second
of exposure and is mediated by an entropic gain as the binding
releases the otherwise low-entropy water surrounding the
protein and material surface.464 The composition, distribution,
and spatial conformation of these absorbed proteins have been
proven to play a role in cell behavior.465 Material features such
as surface charge, wettability, curvature, chemisorbed func-
tional groups and the conditions during protein adsorption all
have been shown to influence protein presentation and
function, and characterization of these adsorbed proteins is
essential.466,467

Analysis of the propensity of the different polymers to
adsorb and present ECM proteins gives useful data, and can be
correlated to their ability to support cell attachment and
proliferation in high throughput.462,468−470 Therefore, high
throughput methods for protein−polymer interaction have
been developed to predict cell attachment. In 2008, Taylor et
al.471 correlated the measurement of protein adsorption using
fluorescent labeling and protein adhesion strength through
AFM.471 In 2009, Hook et al.468 showed that surface plasmon
resonance imaging could measure real-time adsorption and
desorption of Alb, collagen, and fibronectin to an array of
polymer spots in parallel and in a label-free manner.468 Hook
et al.469 also used fluorescently labeled Alb to measure protein
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adsorption onto a microarray containing 70 different poly-
(meth)acrylate spots, and correlate its fluorescence intensity to
surface chemistry (obtained through ToF SIMS analysis),
using multivariate curve resolution image analysis to investigate
the relationship between surface chemistry and protein
adsorption in an unbiased manner.469

However, to accurately determine protein composition in
complex settings, scale up or combinatorial protein spotting is
required.463,472,473 Rao et al.473 used desorption electrospray
ionization and liquid extraction surface analysis mass
spectrometry coupled with in situ surface tryptic digestion to
identify protein species on polymer surfaces. For the first time,
in situ automated tandem mass spectrometry was able to
separate and identify protein entities on a biomaterial
surface.473 Hammad et al.474 took a different approach, using
extraction by washing and mass spectrometry to identify
proteins absorbed onto biomaterials that supported stem cell
expansion.474 They first used gel electrophoresis and liquid
chromatography−mass spectrometry (LC−MS) to identify 14
proteins (out of 71) that uniquely deposited onto oxygen
etched over untreated polystyrene when incubated with a
complex media known to support human embryonic stem cell
expansion. These identified proteins were then commercially
sourced and used to generate a combinatorial protein
microarray to investigate protein adsorption-related perform-
ance of a polymer known to support human embryonic stem
cell expansion, N-(4-hydroxyphenyl)-methacrylamide (poly-
HPhMA) (Figure 22).474 Inkjet printing was used to mix and
spot 13 proteins pairwise (30/70) resulting in 169 protein
combinations onto a contact-printed array of defined
polyHPhMA spots. Human PSCs were cultured on the
protein/polymer arrays using a serum-free medium (StemPro)
and PSC number was assessed through fluorescent microscopy
(total nuclei using DAPI and stem cells through Oct4
staining). Five protein combinations were selected for further
investigation in a secondary array (Heat shock protein-1
(HSP):Heat shock protein 90 (HSP90), Platelet factor 4
(PF4):HSP, PF4:glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), HSP:Fibronectin (FN), and GAPDH:serum
amyloid P (SAP)) at a range of dosing compositions (30%,
50%, and 70%) and concentrations (0.1, 0.5, 1, 2, and 4 fmol).
In some instances, protein concentration did not affect cell
adhesion (HSP:FN and HSP:HSP90 displayed high cell
adherence across all concentrations), and protein ratios were
also not linearly correlated to cell number (as HSP increased
from 0 to 70% in combination with HSP90, cell numbers
increase, but decreased for 100% HSP coating). This suggested
a synergistic effect of HSP and HSP90 at the cell−polymer
interface. Interestingly, HSP:HSP90 adsorbed polyHPhMA

showed levels of cell adherence comparable to that seen for
FN, a well-established integrin-binding substrate for stem cells,
and scale-up studies showed expansion and maintenance of a
human PSC line for 3 days. This was the first report of heat-
shock proteins mediating stem cell attachment.472 As our
knowledge of the ECM composition of biological systems
improves, chemical structure-protein adsorption correlation
studies may eventually support the rational design of
bioinstructive materials.

5.2.2.3. Computational Models in High-Throughput Cell
Phenotyping. Data processing and computer simulation have
the potential to evolve the biomaterial discovery field toward
modeling/predictive strategies. The dimensionality of materials
property space is too large to be explored even by high-
throughput methods, and so computational models are the
only means for covering the entire spectrum of biomaterials.
Nowadays, microarray screening is often accompanied by
computational data analysis and modeling for maximum data
extraction from the experiment, for example, by cellular image
analysis, and then subsequently to mine the data for structure−
activity/performance relationships.144,417,475 Many different
approaches have been developed for cellular data mining to
increase data extraction from single experiments. A recent
example is the Cell Painting high-content image-based
technology,476 a system that uses automated high throughput
microscopy and image software analysis to measure ∼1500
morphological features (variables in size, shape, texture,
intensity, and more) using only 6 chromophores that, when
combined, provide a powerful phenotypic assignment tool.476

The overall time for imaging acquisition and analysis is 3−4
weeks, evidencing the complexity of such methods. With
numerous strategies for cellular data mining having been
reported, researchers are also putting efforts into unifying the
different strategies for image-based cell profiling and data
mining. As it is becoming evident that each laboratory has
developed and optimized its own in-house method, there is a
need for a generalized approach to facilitate data comparison
between studies (reviewed in477).
Many papers have correlated the cell-assay data with

polymer composition to model polymer-cell interactions and
identify functional groups or polymer characteristics that
improve biomaterial performance in specific biological
conditions.462,469,478 For example, Epa et al.479 derived a
computational model from microarray data based on the
bacterial attachment of three separate clinical pathogens to the
first-generation microarray of varying polymers, and accurately
and quantitatively predicted attachment to a second-generation
combinatorial microarray.479 More recently, three predictive
models based on three separate screening studies have been

Figure 22. Strategy used by Hammad et al. From left to right: Sequential inkjet printing of biomolecules on the same coordinates as the polymer
spots (in orange) in the primary screen: proteins were mixed pairwise at a 70/30% ratio and at 0.1, 0.5, and 1 fmol. Table showing results of the
primary screen, displaying color coding for human PSC line (HUES7) cell number (OCT-4-positive cell quantification) per spot. A secondary
microarray screen was generated from “hit” protein combinations, mixed pairwise at 30, 50, and 70% ratios and at 0.1, 0.5, 1, 2, and 4 fmol. The
table shows representative results of OCT4-positive cells per spot in the second generation array. Reprinted with permission from ref 474.
Copyright 2010 Royal Society of Chemistry.
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combined to generate a single model capable of quantitative
predictions for the attachment of three different pathogens
together to a large library of polymers.475 High-throughput
technologies generate the data necessary to create models and
predict the responses of future biomaterials, which will be
addressed in more depth in section 8. However, with the

increasing amount of data generated using different exper-
imental strategies, biomaterial properties and cell models; the
challenge lies in the quality control and processing strategies
for these big data sets.55 For that reason, an initiative is being
started to offer a publicly accessible repository called the The
cBiT, which will be further discussed in section 7.

Figure 23. Microarray technologies based on animal-derived biomolecules. Reprinted with permission from ref 437. Copyright 2008 Wiley-VCH.
(A) Fluorescent image of a two-component protein array, composed of 25 different combinations of mini-arrays (white square marks one mini-
array), red spots are Alexa-546-labeled fibrinogen and green spots are FITC-labeled BSA, the numbers at the top of representing the distance
between spots and the numbers on the left are the ratio of red: green spots. (B) Collage of fluorescence images of C2C12 myoblast cell adhesion on
fibronectin arrays after a 3h incubation on protein arrays with different spot spacing, (C, D) enlarged images of the red squares gown in panel B,
scale bar = 20 μm. (E) Correlation between fibronectin surface coverage and cell density (black line) or cell spreading (red line). (F−I) Microarray
fabrication. Reprinted with permission from ref 417. Copyright 2016 Elsevier, Ltd. (F) Schematic of the cell microarray formation, (G) Typical cell
microarray platform with various protein ratios. (H) Fluorescent images of the slide acquired using automated fluorescence microscopy for nuclear
localization (Hoechst 33342) and osteogenic markers (Runx2, Calcein Blue). (I) Automated analysis for the detection and measurement of nuclear
count and osteogenic marker presence (yellow line in Runx2 and blue line in Calcein Blue, Ca ion). (J−L) Microarray strategy. Reprinted with
permission from ref 489. Copyright 2016 Elsevier, Ltd. (J) Schematic of the experimental approach, with 4000 features (including positive and
negative controls) on a single glass slide, (K) representative image of complete ECM microarray 12 h post cell-seeding with definitive endoderm
cells, image represents the 4000 features in the array, nucleus and cytoplasm are labeled with fluorescent dyes (blue and green, respectively) and red
spots are rhodamine-dextran spots utilized as negative controls and for alignment of image acquisition, scale bar = 1 mm. (L) Inset from panel B
(white box), including cell nuclei label only and illustrating a representative set of ECM islands in quintuplicate, scale bar = 100 μm. Right graph
shows a heatmap quantification of endoderm cell adhesion 12 h postseeding. Each feature represents the combination formed by 2 different ECM
molecules on the x and y axes.
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5.3. Cell−Biomaterial Interactions

As has been already been discussed in section 2.3, the cellular
microenvironment consists of both biochemical and physical
cues.480 The cell-surface receptors and molecules that mediate
cell adhesion have the capacity not only to bind to chemical
cues, but also to sense their physical presence in a wide variety
of ways (e.g., shape, distribution, size, binding strength,
elasticity, and many more).481−483 Thus, the study of the
cell−biomaterial interface has expanded to include all
biochemical and biophysical properties of the biomaterial.
5.3.1. Biomolecules. The presence and density of certain

biomolecules in the ECM have a major impact on cell
behavior. Changes in ECM composition have been directly
linked to disease development; for example, solid cancer
development includes a desmoplastic response (the growth of
fibrous tissue in pathology) in which its surrounding
environment goes through an incremental increase in ECM
molecules such as fibronectin, and displays higher levels of
reorganized and cross-linked type COL1.484 These changes in
ECM composition stiffen the tissue stroma and correlate to a
worse patient prognosis.484 From large macromolecules such
as hyaluronan,485 to small peptides,486 a large variety of cell−
ligand molecules have been investigated for their ability to
induce cell attachment and evoke a cellular phenotype.
5.3.1.1. ECM Molecules. Though more expensive than

synthetic polymers and carrying a risk of animal-derived
immunogens or pathogens, ECM proteins are a powerful tool
to evoke specific cell responses, and as such, they have been
studied using microarray strategies. For these microarrays, the
key features are stable protein conformation and sterile
printing techniques. One of the first cell-based protein
microarrays as described in 2005 by Flaim et al.,463 who
used a commercial DNA spotter to contact-print small drops
with combinations of ECM proteins onto polyacrylamide-
coated glass slides, which resisted unspecific protein adsorption
and cell attachment in serum-containing medium, and
confined the different protein spots while retaining hydration
and native protein conformation.463 Flaim et al.487 further
developed this technique to study the effect of growth factors
in combination with ECM proteins by printing 20 combina-
tions of 5 proteins (fibronectin, laminin, COL1, collagen III
and collagen IV) into a multiwell system. Each microwell was
used to array 12 different growth factors, allowing for the
simultaneous generation of 1200 experiments in 240 unique
signaling environments.487 The microarray was used to
examine the differentiation of human stem cells along the
cardiac lineage, using a confocal microarray scanner to monitor
myosin heavy chain expression (a marker of cardiac cells) as
compared to cell growth (nuclear DNA).487 The comparison
of the single and combinatorial protein effects showed
interesting results. For example, the attachment molecules
COL1 and III were found to individually decrease cardiac
differentiation, but increase it when combined. The growth
factors Wnt3a and Activin A also affected differentiation
negatively on their own, whereas they induced cardiac
commitment if added together. Attachment molecules and
growth factor cross-talk also showed unique combinatorial
effects; for example, fibronectin was found to have an
antagonistic effect on cardiac cell differentiation when
combined with Wnt3a and Activin A.487

Mei et al.437 focused on achieving spot resolution at a
subcellular scale. An automated printing technique based on
AFM allowed the programmable generation of surfaces

containing multiple ECM proteins at the subcellular size (6−
9 μm, slightly bigger than a cell’s focal-adhesion site); with
differential spacing and protein surface covering, modeling the
in vivo spatially defined cell microenvironment.437 The
generated microarray contained 16 800 patterned spots on a
glass slide (Figure 23A). Effective, error-free printing of this
many spots and different protein formulations required
method optimization, with humidity and background surface
(hydrophobic octyltrichlorosilane-treated glass) playing a key
role in defined spot generation. Mouse myoblasts were
incubated on the microarrays and stained with DAPI (nucleus)
and actin (cytoskeleton filaments) to determine the cell
number, size and shape (Figure 23A−C). Results showed that
cells had a more spread-out morphology on arrays with smaller
space between spots (i.e., 18 and 24 μm) (Figure 23C), while
on arrays with the larger interspot distance the cells showed a
circular shape with a smaller size (less spreading) (Figure
23B). The authors concluded that 10% or greater protein (Fn)
covering of a surface is necessary for maxim cell adhesion and
spreading (Figure 23D).
In 2013, Ghemei et al.435 further modified these techniques

to achieve long-term culture stability of the immobilized
biomolecules.435 The protein solutions were printed and
covalently bound onto epoxy-silane-coated slides, after which
the surface was passivated using the covalent coupling of PEG-
bis-amine to mitigate protein degradation and avoid unspecific
cell attachment over long-term cell culture (Figure 23B). The
covalent PEG immobilization was carried out under cloud-
point conditions (meaning marginal solvation conditions as
compared to good solubility of PEG488), achieved using K2SO4
concentrations of 0.5−0.8 M at 37 °C (temperature required
to preserve protein functionality). Under these conditions, the
authors assumed interchain repulsion due to the hydration
shell surrounding the PEG chains being decreased, resulting in
higher PEG-bis-amine immobilization density, PEG chain
alignment, and protein adsorption repulsion. Using this
method, they successfully cultured human MSCs on the
microarrays over a three-week span, investigating the effect of
cell−ligand proteins alone435 or combinations of cell−ligands
and growth factors417 on the cells’ osteogenic differentiation.
In 2015, Beachley et al.447 generated microarrays repre-

sentative of in vivo microenvironments using complete animal
tissue samples. A physiologically broad tissue ECM library set
was generated by harvesting 11 different porcine tissues and
organs (spleen, small, intestine, bladder, bone, brain, cartilage,
heart, kidney, liver, lung, and adipose tissue). The tissue
samples were chemically treated using a combination of acid,
detergent, and DNase, followed by lyophilization and
mechanical breakdown into small microparticles using a
cryomill.447 For the microarray production, silicon gaskets
with arrays of 3 mm-diameter wells were placed on dry
acrylamide-coated slides, creating 40 wells per array. The wells
were collagen-coated and single or combinations of tissue
particle suspension were spotted on each well.447 The
microparticle solution was dried overnight, after which the
gaskets were removed and the microarray was UV-sterilized.
Histochemical staining (Masson’s trichrome) and proteomic
analysis (SDS-PAGE and LC−MS) were used to validate the
reproducibility of the spotting technique. A variety of cell types
were seeded onto the arrays and assayed for cell binding,
proliferation, and shape, correlating different cell type adhesion
and phenotype to ECM tissue formulation.447
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Other reports have focused on expanding the library of
extracellular proteins used and extracting more mechanistic
data from the arrays. For example, in 2016, Malta et al.489

combined 38 different ECM molecules (proteins, proteogly-
cans, and glycosaminoglycans) to create 741 unique pairwise
combinations in quintuplicate on a polyacrylamide-coated
microarray (Figure 23K). Mouse endoderm progenitor cells
were seeded onto the microarrays and treated with either
hepatocyte or pancreatic priming medium. Cell phenotype was
assessed through immunofluorimetric analysis of the hepatic
marker alpha-fetoprotein (AFP), the pancreatic marker Pdx1,
and total cell number (DAPI, nuclear staining) (Figure
23L).489 Quantified adherent cell numbers at 24, 48, and 72
h after differentiation induction showed that cell numbers per
condition were similar at 24 h, but diverged at 48−72 h. Cell
phenotype was further investigated by quantifying apoptosis
(activated (cleaved) caspase-3 staining), activated endoderm-
related signaling (phosphorylated SMAD1/5/8), and epige-
netic modulators (Histone Acetylation marks H3K9ac and
H3K14ac),489 and correlated with differentiation efficiency.
Their results found a previously unreported synergistic effect of
Fibronectin + Merosin in hepatic differentiation, showing
increased H3K14 acetylation, SMAD1/5/8 phosphorylation,
and AFP marker expression.489

5.3.1.2. Synthetic Peptides. Since the introduction of solid-
phase peptide synthesis in 1963,490 the technique has been
implemented, improved, and modified for the synthesis of long
and complex peptides and small organic molecule libraries,
which has given way to high throughput screening technologies
using synthetic biomolecules.491,492 While animal-derived
proteins have shown great potential in cell-phenotype control,
their application is limited due to their high cost, batch-to-
batch variability, and risk of immunogenic or pathogenic
contaminants. In contrast, short peptides can be fabricated at a
relatively low cost and with high purity. Since the description
in 1987 of the precise sequence in fibronectin that induced cell
attachment, there has been a wide interest in designing short
peptides capable of replicating the functionality of full proteins
for cellular control.493 One of the first reports of peptide
microarrays in 2001 by Falsey et al.107 described a chemical
microchip on glass slides where the small molecule ligands and
peptides were bound through site-specific oxime bonds or
thiazolidine ring ligation reactions.107 The biological perform-
ance was measured using three biological assays: (1)
fluorescent detection of protein-binding, (2) functional
phosphorylation to label peptide spots, and (3) a live cell
adhesion measurement.107

Since then, the patterning of short peptides and organic
molecules on microarrays for cell-interaction studies has
become well established.494 For example, Kiessling and co-
workers495,496 developed a method for the generation of self-
assembled monolayer (SAM) thiolated-peptide arrays on gold
surfaces, forming reproducible and well-ordered surfaces that
could be patterned into the size and shape-specific elements
and present variable epitope density for cellular studies. In
2016, Derda and co-workers497 used this technique to
investigate the epithelial-to-mesenchymal cell transition. To
fabricate the SAM-based peptide microarrays, alkanethiol-
terminated peptides were contact printed onto glass slides
coated with pure gold using thermal evaporation. A mammary
gland cell line that undergoes epithelial to mesenchymal
transition in response to soluble transforming growth factor
(TGF) was used to investigate the effect of a surface-

immobilized library of TGF-receptor, and integrin targeting
peptides. The cells were grown for 4 days, after which cell
phenotype was assessed through nuclear (DAPI) and
cytoskeleton (smooth muscle actin) and cell−cell adhesions
(E-cadherin). Results showed that only one of their TGF-
receptor targeting peptides reduced E-cadherin expression (a
marker of epithelial phenotype) and an increase in cell area (a
marker of mesenchymal phenotype), while integrin-binding
peptides did not induce a mesenchymal phenotype over a 4-
day incubation.
In 2014, Kilian and Zhang498 presented a peptide-based

microarray fabricated using a single-step azide−alkyne “click”
chemistry approach. They manually synthesized a peptide
library using standard F-moc solid-phase methodology,
purified them via HPLC, and capped them with an alkyne-
containing reagent to yield a terminal domain amenable to
bioconjugation to an azide-terminated surface.498 This strategy
allowed for the investigation of combinations of peptides by
simple premixing of stock peptide solutions in the desired
ratio. Alkanethiols in the spotted solutions adsorbed
immediately to the gold forming SAMs, retaining spatial
resolution. The array was used to investigate the adhesion
characteristics of mouse embryonic fibroblasts and adipose-
derived stem cells, as well as the differentiation of the stem
cells to the osteogenic fate.498 The use of the “click” chemistry
approach allowed for the peptide-functionalized surfaces to be
used in cell culture for up to 21 days; however, spot fidelity was
found to decrease over time, even when postspotting
incubation was done in low vacuum desiccator conditions, so
the microarrays had to be used within a short time of
fabrication.498

Another strategy developed by Gupta et al.499 in 2010
reported a microarray strategy where biomolecules were
covalently linked on a PEG-based hydrogel. Two strategies
were presented; (1) a PEG matrix containing a functional
group reactive to thiol−ene chemistry to covalently attach
peptides through allyl ester protective groups or cysteines; and
(2) orthogonal functionalization via the printing of a
heterobifunctional linker (such as N-hydroxysuccinimide
ester) that could interact with both the PEG matrix and the
biomolecules.499 The microarrays were fabricated by first
printing the biomolecules on a glass slide, after which a liquid
PEG prepolymer mixture was cured onto the array using a
short UV treatment. The viscosity of the prepolymer PEG
solution and the rapid cross-linking ensured the printed spots
remained unperturbed, also the mild conditions allowed for the
effective incorporation of a wide range of biomolecules. The
spots showed uniform size, with at least 100 mg/mL peptide
composition and 50 wt % PEG groups. As proof of concept,
cell adhesion was assayed using four different peptides on PEG
hydrogel using system (i), with fibroblasts showing specific cell
attachment onto RGD-based functionalized peptides, as
compared to control nonadhesive peptide (RGRES) spots. In
2016, Jia et al.500 used solid-phase synthesis and isocyanation
chemistry to generate methacrylate-peptides that would be
soluble in DMF and have high miscibility with low MW-
PEGDA, allowing ratiometric incorporation in a homogeneous
manner within a PEG-hydrogel microarray. The technology
was used to print 12 peptide sequences, and was tested on
human PSC-derived cardiomyocytes. The cells were cultured
on the microarrays for 3 days, after which cell number and
sarcomere structure (a marker of cardiomyocyte maturity)
were examined using fluorescence microscopy. The peptides
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performed differently even though all of them contained an
RGD region, with the sequenced peptide from the laminin β4
subunit (PMQKMRGDVFSP) showing the highest number of
cell adhesion and sarcomere formation.
In 2016, Kanie et al.501 combined peptide microarrays with

in silico screening to define candidate peptides that could
induce osteogenic-selective proliferation and differentiation of

human MSCs. The sequences of 19 types of natural BMPs
(known to be bone regenerative molecules) were obtained
from UniProt, and aligned with a peptide database (graphical
image of the alignment, Figure 24A). Twenty-five candidate 9-
mer peptides, a positive control RGD, and negative control
blanks were synthesized on cellulose membranes using F-moc
methodology, cut, and deposited at the bottom of a 96-well

Figure 24. Microarray strategies for 2D/surface printing of biomolecules and synthetic polymers. (A) Schematic of the strategy. Reprinted with
permission from ref 501. Copyright 2016 MDPI. First, in silico screening of candidate peptides is performed, and candidate 9-mer peptides are
selected from the homologous sequences. Second, the microarray is fabricated using a peptide array synthesizer on a cellulose membrane, which is
cut and deposited in a 96-well plate. Cells are seeded, cultured, and assayed for cell proliferation and osteogenic differentiation. (B) Polymer
microarray. Reprinted with permission from ref 442. Copyright 2014 Royal Society of Chemistry. (a) Microarray fabrication using contact printing
of monomer solution followed by UV polymerization, (b) high-throughput screening and characterization of polymer spots for (i) surface
chemistry by ToF-SIMS, (ii) surface wettability using WCA, (iii) human stem cell adhesion and hit polymers with high cell attachment (inset); (c)
structures of the 141 monomers used in the microarray, grouped by side-chain chemistry.
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plate for cell-based experiments (Figure 24B). Normal human
osteoblasts, human MSCs from umbilical cord matrix, and
normal human dermal fibroblasts were used to investigate
selective osteoprogenitor cell proliferation and osteogenic
differentiation of MSCs, with the final determination of
peptide sequences that could selectively induce osteogenic
cell phenotype in detriment of other cell types.501 Kanie et
al.486 later increased the scope of their in silico assessment by
using a clustering-assisted focused screening method, which
minimized the risk of redundantly including highly similar
peptides by first clustering a large library of peptides sequences
according to physicochemical properties, and then selecting
ten peptides from each category cluster.486 The study screened
a total of 500 peptides for their ability to selectively bind
collagen IV and enhance endothelialization. Endothelialization
of a biomedical device surface is known to reduce the risk of
complications, especially in long-term implantation of medical
devices used to treat cardiovascular diseases,486 and is
therefore a desirable bioinstructive trait in a biomaterial.
5.3.1.3. Polysaccharides. Polysaccharides or glycans partic-

ipate in almost every aspect of biology, from cell-surface
recognition markers,502 to modulating cell differentiation,503 to
being an intrinsic part of the ECM.503,504 The diversity within
naturally occurring carbohydrate chains and in composition
has only just begun being explored, with synthetic and natural
glycan libraries being compiled.504−506 The high binding
specificity of glycans has been widely recognized as a powerful
tool for diagnostic and drug development strategies of clinical
impact.504,507−509

Since the first reports in 2002,510,511 carbohydrate micro-
arrays have been successfully employed for the rapid screening
of carbohydrate-binding proteins, such as antibodies or
lectins,512,513 profiling enzyme−substrate specificity,514 and
detecting pathogens.511 These arrays provide a critical initial
screen for binding specificity, and are free of the bias shown by
other technologies (e.g., surface plasmon resonance, frontal
affinity chromatography) that require preliminary knowledge
of the binding affinity.515 Typically, these microarrays display a
variety of saccharide chains immobilized on epoxy-activated
glass slides using contact printing at high humidity, and require
a postprinting blocking step to remove any exposed hydroxyl
groups that could promote protein deposition and cell
adhesion during the out-put assays.505 Covalently bound
glycan microarrays have also been described, where maleimide-
activated surfaces are used to bind a thiol-terminated linker on
the carbohydrate chain.516 The most challenging feature of
these arrays has been the source glycans, with large libraries
being assembled on the basis of their biological source and
potential binding-specificity.517 For example, Toonstra et al.505

described a chemoenzymatic approach to synthesize a library
of high-mannose N-glycans and related neoglycoproteins
through sequential enzymatic trimming of two readily available
natural N-glycans; the Man9GlcNAc2Asn from soybean flour
and the sialoglycopeptide from chicken egg yolk. The resulting
glycans were separated through chromatographic techniques,
obtaining a full-range of natural high-mannose N-glycans.505

Chemoenzymatic approaches have also been reported for
the generation of synthetic oligosaccharides libraries.518 For
example, Seeberger et al.519 used a modular strategy to
generate a library of chemically synthesized heparan sulfate
glycans ranging from di- to hexamers of different sequences
and sulfate-group patterns. An amine-terminated thiol was
installed at the terminal pentenyl glycoside end of the

oligosaccharide and used to immobilize the glycans onto N-
hydroxysuccinimide-activated slides via automated printing,
creating synthetic glycan microarrays.520 Key features of this
modular synthesis were the influence of the amine linker on
the glycosidation efficiency and the compatibility of the
protecting group strategy with the sulfate-group decorating
step.519 Recent reports have combined the specificity of
carbohydrate libraries with computational modeling. Such as
Amon et al.,521 who used a comprehensive sialoglycan
microarray to challenge a monoclonal antibody (mAb)
developed against the tumor-associated carbohydrate antigen
sialyl-Tn; the mAb specificity, key residues in the binding site
and antibody−glycan contact surface were identified, and used
as source data for in silico 3D-modeling.521

5.3.2. Material Surface Chemistry. Over the last 20
years, synthetic chemical libraries composed of polymeric
acrylates/acrylamides,111,409 polyurethanes,425 polyesters,420

and others,415 have been probed for cellular applications
using a range of cell types, phenotypic readouts, and media
formulations. Protein adsorption onto the biomaterials has
been clearly related to cell-performance,442,472 with synthetic
polymers exhibiting cell-type418 and species-specific418,427,522

effects. Even though there have been numerous studies
searching for correlations between chemical moieties displayed
on the biomaterial and cell performance, a unified model for
cell−biomaterial performance remains elusive.116 Therefore,
current efforts have been focused on increasing our under-
standing of the relationship between polymer-surface chemical
profiles and cell performance.

5.3.2.1. Polymer Surface Chemistry. Yang et al.478 reported
the first quantitative structure−functionality correlation
between surface chemistry and cell-adhesion. Microarrays
were fabricated using 16 major and 6 minor monomers
combinations (ratios: 100:0, 90:10, 85:15, 80:20, 75:25,
70:30), and cell attachment of randomly differentiated
human ECSs was recorded.478,523 Surface structural character-
ization was undertaken using high throughput measurements
of wettability, topography, surface chemistry, protein adsorp-
tion, and cell adhesion, termed high-throughput surface
characterization.478,523 Acquisition of elastic modulus data
from high throughput AFM was added to this approach
later.524 Multivariate analysis technique partial least-squares
(PLS) regression was then used to identify chemical
structure−function relationships. In their study, only ToF
SIMS spectra had information to correlate with the cell
adhesion, indicating the importance of molecular-level
chemical identity in controlling cell response.478 The cell
attachment numbers predicted showed an R2 value of 0.62
with the real cell attachment data, validating the PLS model.
The ions with high regression coefficients in the training
sample PLS model were also consistent with those pulled from
the larger library (576) microarray data, supporting the notion
that surface-specific chemical composition data is crucial for
cell−biomaterial performance correlation models. The same
approach was then applied to identify materials that promoted
undifferentiated human PSCs attachment and proliferation,106

and to discover polymers that deterred bacterial pathogen
adhesion,419 providing a general paradigm for the combinato-
rial development of synthetic materials. In 2012, human PSC
attachment data was used to present the first report of a
computational model, where the experimental adhesion of
differentiated stem cells onto a library of untested polymers
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was accurately predicted in silico using only computational
descriptors.525

5.3.2.2. Chemical Diversity. Another important parameter
of synthetic polymer high throughput screening has been the
number of unique polymers that can be probed in parallel
using a single microarray. Since the first microarray combined
22 unique monomers to generate 112 polyacrylates,411

researchers have worked on improving the patterning methods,
spot size, and combinatorial strategies to create microarrays
with higher chemical diversity. Celiz et al.442 increased the
chemical space featured on the arrays by successfully printing
141 chemically diverse, unique homopolymers on a single
microarray to investigate human PSC attachment.442 The
monomers were clustered according to side-chain chemistry
(oxygen, nitrogen, fluorine, aromatic and aliphatic) and main
chemistry (acrylate or acrylamide). To reduce polymer
spreading during printing, a diluted monomer/initiator
solution was used (50% v/v monomer, 1% w/v initiator),
allowing the generation of ∼400 μm spots, and high
throughput characterization techniques (i.e., ToF SIMS)
were used to monitor cross-contamination442 (Figure 24B).
The authors also investigated the correlation between
biological performance and chemical properties, probing
WCA and ToF SIMS ion profile against stem cell attachment
(total cell number and stem cell marker Oct4-positive cells).
While WCA was found to not accurately correlate to cell
performance, ToF-SIMS analysis paired with PLS regression
analysis identified certain chemical moieties displayed
recurrently in high or low performing homopolymers.442

Among these moieties pHEMA fragments were found,
unintentionally leaking to the spot surface from the support
material, which was intentionally copolymerized in the scaled-
up “hit” copolymers to replicate their optimal cell performance.
5.3.2.3. Combinatorial Polymers. In a similar manner that

combinations of different biomolecules have been shown to
induce cell phenotypes that they did not support on their own,
the notion that copolymers could perform better than their
separate homopolymers has been considered and addressed by
combinatorial methods. To this end, Bradley et al.418,438

designed a spot-to-spot polymerization strategy to generate
unique polymers in situ during the automated process by an
overprinting varying numbers of drops from different
monomer solutions into defined spots. Alexander et
al.409,441,526 have used multigeneration arrays starting from
large monomer libraries. Using this strategy, a library of 100+
monomers comprises the “first-generation” microarray, where
the best performing homopolymers are identified. A “second-
generation” microarray is then fabricated, where the first-
generation “hits” are arrayed in all multiple combinations at a
set ratio (e.g., 2:1), generating a library of copolymers. The
best performing copolymers are further combined using
multiple ratios (i.e., 1:0, 9:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4,
1:9, and 0:1.) on a “third-generation” microarray (Figure
18A,B). This strategy is aimed at the identification of high-
performing copolymers and synergistic effects, starting from a
large library of monomers and subsequently combining the
highest performing features and testing them against one
biological setting.442

5.3.2.4. Chemical Surface Patterning. Cells communicate
with each other through both physical and biochemical cues,
and using both close contacts and secreted factors that carry
through the porous matrix in vivo, or the liquid media in vitro
settings.527 To investigate this effect in microarray format,

chemical surface patterning strategies have been developed to
isolate and measure cell−cell communication. One such
technology is the droplet microarray (Patented technology
by Aquarray, www.aquarray.com) developed by Levkin and co-
workers,528,529 which is composed of hydrophilic spots
surrounded by a superhydrophobic polymer. The fabrication
is based on a combination of photomasking and UV-initiated
surface grafting, effectively generating geometrically defined
microreservoirs for cell separation. The resulting microarray
generates unique cellular microenvironments for high-
throughput testing, as a thin layer of liquid avoids the
superhydrophobic regions effectively collecting as small
droplets into the patterned hydrophilic spots. This technology
was tested for long-term cultivation of several (more than
three) cell types in separate but adjacent compartments,
allowing limited cell-to-cell communication via media contact
and secreted factor exchange and effectively investigating the
impact of coculture between different cell types in a high-
throughput manner.528

The droplet-microarray has been used by Levkin and
collaborators in several studies23,530−533 as a miniaturized
platform for cell-based HTS. For example, in 2016, Neto et
al.531 used these patterned arrays to generate alginate
hydrogels of defined sizes and shapes, by using the effect of
discontinuous dewetting on the patterned microarrays. In
2017, Tronser et al.534 used the droplet-microarray to generate
a microarray of mouse ECSs. The cell solution was easily
confined to the patterned spots, generating microenvironments
for the mouse embryonic stem cell growth. Results showed the
cells viable and proliferating over 72 h, and maintained
pluripotency (through Oct4-GFP markers assessment). This
study presented the droplet microarray as a simple and
translatable platform for pharmacological cell-based high
throughput assays.534

5.3.2.5. Chemical Surface Nanopatterning. Significant
research has also been devoted to investigating the
mechanisms behind the phenotypical cell behavior changes
induced by chemical nanopatterning at the subcellular level.
Pioneer work by Spartz and co-workers535 in 2004 presented
highly defined nanopatterned rigid ligand arrays to study the
molecular arrangements of single integrins in cell adhesion.
They designed a hexagonally close-packed rigid array of cell-
adhesive gold nanodots coated with cyclic RGDfK peptide
using block-copolymer micelle lithography.535 The diameter of
the adhesive dots (<8 nm), allowing for the binding of just one
integrin, and the dots were positioned with high precision at
28, 58, 73, and 85 nm spacing.535 Three cell lines were used to
investigate the effect of ligand spacing on integrin dynamics,
assayed through immunofluorescent staining of integrin,
vinculin, FAK, and actin filaments followed by microscopy
analysis. Data analysis showed that adhesive dots separated by
73 nm or more impaired or reduced cell adhesion, cell
spreading, and focal adhesion formation, while 58 nm or less
allowed for effective adhesion.535 This feature was attributable
to the restriction of integrin clustering by the covalent binding
of the RGDfK-peptide, giving insight into the dynamics of
integrin cluster formation and cell spreading.535

In 2016, Spatz and co-workers536 improved upon their early
work by designing a quasi-hexagonal array of Au- and TiO2-
nanoparticles (AuNPs, TiO2NPs). To prepare the arrays,
reverse micelles of a block copolymer consisting of polystyrene
(PS) and poly(2-vinylpyridine) (P2VP) (PS(x)-b-P2VP(y))
were formed, with the length of the block copolymer ((PS)/
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(P2VP)) determining the adjustable interparticle distance. The
addition of Au (HAuCl4) or titanium isopropoxide generated
the different AuNPs and TiO2NPs, respectively. A function-
alized glass slide was dip-coated onto the micelle-containing
solution, followed by plasma-etching to remove the poly-
styrene coating and expose the nanoparticles (Figure 25A).
Once both NPs were functionalized onto the slide, a PEG layer
was UV-polymerized in situ, creating PEG hydrogels with
nanostructured AuNPs and TiO2NPs on the surface, which
could be peeled off and used for cell assays. Peptide
functionalization could be performed through a phosphonic
acid ligand onto the TiO2NPs, or thiol groups onto the
AuNPs. As proof of concept, the authors created a binary
nanostructure, orthogonally functionalizing the AuNPs and
TiO2NPs with either cyclic RGD for cell attachment, or cyclic
RAD as a noncell binding control, in varying combinations
(2:0, 1:1, 0:2). Rat embryonic fibroblasts showed good
spreading on the microarrays, with larger cell area and focal
adhesion formation in the areas functionalized with 2 cell-
binding peptides, and the smallest cell area on the noncell

binding peptides. As per the nanopattern, the interparticle
distance of the peptide-functionalized AuNPs showed the
greatest effect in cell adhesion.536

In 2016, Amin et al.537 presented a combinatorial
biomolecular nanopatterning method, in which multiple
biomolecular ligands were patterned into multiple nanoscale
dimensions on a single surface via chemical moiety patterning
(Figure 25B). Parallel nanoimprint lithography was used to
transfer patterns from a stamp, containing 16 replicates of 8
different line patterns with equal width to pitch sizes (100−
1500 nm, 100 nm depth), to a silicon wafer (Figure 25B(i)).
Physical vapor deposition was used to add silica and gold,
generating multiple Si/Au nanoscale patterns (Figure 25B(ii,
iii)). Wells (300 μm height) around the patterned regions (9
mm2) were spin-coated with a photonegative resist polymer
(SU-8) (Figure 25B(iv)), activated through O2-plasma etching,
and chemically and sequentially modified to enable selective
chemical patterning of SU-8/Si and Au/thiol regions (Figure
25B(v)). This rendered SU-8 and silica regions nonfouling,
with Au regions binding biotinylated proteins (Figure

Figure 25. Microarray strategies using chemical nanopatterning. (A) Schematic representing the key steps involved in the generation of binary
nanostructured hydrogels consisting of PEG substrates decorated with AuNPs and TiO2NPs. Reprinted with permission from ref 536. Copyright
2016 American Chemical Society. (B) Microarray fabrication workflow steps: (i) parallel nanoimprint lithograph of a silicon wafer is performed
using a stamp containing 16 replicates of 8 different line patterns, (ii) followed by surface treatment with plasma etching (PE) and physical vapor
deposition (PVD) of Ti and Au, which leads to (iii) fabrication of multiple Si/Au nanoscale patterns within every 9 mm2 areas; (iv) microwell
generation around each patterned area via SU-8 photolithography, (v) chemical activation and modification of the SU-8 surfaces, and (vi) finally
dispensing of a streptavidin solution on all patterned areas, followed by protein solutions (ratios of LN and VN) locally printed in duplicates for
each pattern size, creating 64 combinations of nanopatterned ECM protein patterns. Representations not to scale. Reprinted with permission from
ref 537. Copyright 2016 Wiley-VCH.
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25B(vi)). Biotinylated-proteins (laminin (LN) and vitronectin
(VN)) were premixed at ratios (100:0, 90:10, 80:20, 60:40,

40:60, 20:80, 10:90, and 0:100 w/v) and patterned in
duplicate; generating 128 combinatorial dual protein nano-

Figure 26. Microarray strategies to investigate cell responses to mechanical stimuli. (A−D) Evaluation of cell traction stress. (A, C) Cell traction
stress (Pa) measured on the microarrays on 30 kPa (A) and 4 kPa (C) substrates on the different protein compositions, in control (DMSO) and
ROCK inhibiting (Y-27623, 10 μM) media conditions. (B, D) Representative phase contrast micrographs and heat maps of traction stress for 30
kPa (B) and 4 kPa (D) substrates. Student’s t tests were performed against DMSO within each ECM combination, and data is presented as mean ±
SEM with n = 3 and ≈ 20 total islands per condition (P < 0.05 (∗), P < 0.01 (∗∗), P < 0.001 (∗∗∗)). The scale bar is 50 μm. Reprinted with
permission from ref 541. Copyright 2016 Elsevier, Ltd. (E−N) Microarray strategy. (E) Schematic of the overall microarray chip with zoom on a
single active area and on a single pixel, (F) picture of the chip bonded on the carrier, (G) SEM image of one active area featuring the 4 different
electrode sizes and the 8 reference electrodes. (H, I) SEM images of a single pixel, containing electrodes of sizes 2.5 × 3.5 μm2 (H) or 11 × 11 μm2

(I). (J−N) Electrical and confocal imaging of primary hippocampal neuron culture at 0 and 8 days in vitro. (J, K) Electrical impedance map and
confocal image of the cells stained with Calcein AM 4.5 h after seeding. (L, M) Electrical impedance map and confocal images corresponding to the
same chip surface area (2500 μm2). (N) Histogram illustrating the distribution of the relative impedance variation recorded by the electrodes for
cells after 0 (black) and 8 (gray) days in vitro. Reprinted with permission from ref 551. Copyright 2019 Frontiers.
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patterns on a single surface. Human-derived dental pulp stem
cells were seeded onto the arrays, incubated for 4 h, and
immunostained for data collection. Results showed that the cell
protrusions interacted only with the Au/thiol regions. Cell
number and alignment to the nanopattern were also assessed,
and compared with a flat control surface. An increase in VN
protein content and pattern size correlated with increased cell
number, alignment, and size. 500 nm was shown to be a pivotal
size for the patterns; line widths ≤500 nm showed increased
cell area due to focal adhesion bridging, which allowed cells to
spread over the gaps between the lines, while ≥700 nm line
patterns displayed cell spreading mainly along the line, thus
increasing cell alignment.
5.3.3. Physical Properties. As presented in section 2.2,

even when the biomolecules of biological systems adsorb to
the surface of nonporous materials, the physical properties of
such materials can play a key role in their final biological
performance. In recent years, many efforts have been directed
toward the development of microarray strategies to investigate
the cellular effect of physical parameters in a robust and high-
throughput manner.
5.3.3.1. Bulk Stiffness. Biomaterial stiffness, typically

characterized by the elastic or Young’s modulus, or surface
compliance, has emerged as one of the most relevant
mechanical features of biomaterials influencing cell behavior.
Traditional 2D microarrays have the shortcoming of being
built on surfaces supports with nonphysiological stiffness (such
as tissue culture plastic, ∼106 kPa, or glass in the range of
GPa538), while natural extracellular environments can present a
rather wide range of Young’s Modulus. For example, Gilbert et
al.538 used hydrogels with tunable Young’s Modulus to show
the effect of surface stiffness on stem cell preservation. They
fabricated PEG with varying starting monomer concentrations,
and tested their effect on skeletal muscle stem cell self-renewal.
Their results showed that when these cells were grown on soft
substrates (12 kPa) they were able to self-renew in vitro, while
cells grown on rigid plastic surfaces (∼106 kPa) lost their self-
renewing capacity quickly after seeding.538

In 2015, Gobaa et al.539 combined biomolecular microarrays
with substrate elasticity by contact printing a peptide-laden
stamp onto PEG hydrogels, simultaneously probing biochem-
ical and biophysical factors in confined niches.540 To generate
the confined microenvironments, 11 different biomolecules
were robotically spotted, in single and two-way combinations
(totaling 67 features) directly onto a topographically
structured stamp.539 The protein-laden stamp was then used
to emboss a partially cross-linked hydrogel, transferring the
protein combinations and generating a microwell protein array.
The hydrogel contained different ratios of thiol and vinyl
terminated PEG macromers, resulting in three different
hydrogel modulus along with the array (10, 30, and 50 kPa).
Human MSCs were trapped within the patterned microwells
by using gravitational sedimentation, and assayed for
adipogenic differentiation. Results showed that increased
stiffness correlated with impaired adipogenic differentiation,
with protein effect on adipogenesis being decreased in the
higher stiffness hydrogels. Overall, the data suggested that the
elastic modulus had a bigger effect on adipogenic differ-
entiation of MSCs than protein composition.
Kourouklis et al.541,542 correlated modulus, ECM composi-

tion, and cell-generated traction stress on a microarray-based
strategy. Polyacrylamide hydrogels of 4, 13, and 30 kPa elastic
moduli were polymerized onto glass slides,542 and contact

printed with all two-factor combinations of COL1, collagen III,
collagen IV, FN and VN proteins541 (Figure 26). Liver
progenitor cell differentiation was induced on the microarray
via soluble cues to either hepatocyte or cholangiocyte fate, and
cell phenotype was assessed through total nuclei (DAPI),
hepatocyte, and cholangiocyte marker (OPN) staining. Results
showed that in hepatocyte priming medium, 4 kPa microarrays
had a modest overall reduction in total cell number and
hepatocyte differentiation across all protein conditions, while
collagen IV showed a discrete boosting effect in hepatocyte
differentiation regardless of stiffness.541 In cholangiocyte
conditions, data analysis showed that at 30 and 13 kPa, the
protein composition did not have a highly pronounced effect in
cholangiocyte differentiation, while at 4 kPa collagen IV
achieved the greatest number of OPN positive cells.541 To gain
more insight into the signaling pathways involved, the cells
were incubated on the microarrays in cholangiocyte priming
medium supplemented with a control (DMSO) or a Rho-
associated protein kinase (ROCK) inhibitor. ROCK is a key
component of the mammalian cell’s mechano-sensing machi-
nery.543 Regression analysis showed that ROCK inhibition
increased OPN positive cells on both 30 and 4 kPa substrates
(P > 0.001). The increase in cholangiocyte differentiation
using ROCK-inhibitor prompted the authors to investigate
cell-generated traction stress using traction force microscopy
(Figure 26C−F). ROCK inhibition was found to reduce cell
traction stress on both 4 and 30 kPa substrates in all protein
conditions except fibronectin (Figure 26C−F). ROCK has
been shown to promote cell contractility,544 so the authors
hypothesized that ROCK-inhibition on the microarray could
increase cell−cell interactions, promoting cholangiocyte differ-
entiation in a manner that is independent of cell-matrix
traction.

5.3.3.2. Electrical Stimuli. Other factors such as electrical
stimuli can also affect cell behavior, for example, in 2017 Wang
et al.545 showed that stem cell-derived cardiomyocytes display
better myofibril ultrastructural organization when cultured on
superconductive graphene surfaces, proving the importance of
electrically active substrates.545 In 2019, Vaithilingam et al.546

developed a conductive composite material for 3D biomimetic
structure fabrication.546 The base polymer (pentaerythritol
triacrylate, PETrA) was identified using high-throughput
microarray screening of a large library of acrylates/acrylamides
as a suitable biomaterial for adhesion of mature human stem
cell-derived cardiomyocytes. The electrical properties of the
polymer were modified by using a dispersion of conductive
multiwalled carbon nanotubes, turning the material electro-
active, and two-photon polymerization was used to fabricate a
biomimetic topography spanning the macro-nanoscale onto
the electroconductive polymer. Cardiomyocytes were plated
onto the polymer-containing conductive nanotubes, which
were coated on top of an in-house 6-well plate setup that
provided a low electric potential (2 V and 3 Hz). On all
topographies, the cardiomyocytes showed higher sarcomere
length, a sign of cytoskeletal maturity, in the presence of a low
current over the nonelectrically stimulated counterparts.
Different chemical substrates and microgrooved topographies
were also tested on their system, showing that all three
characteristics (chemistry, topography and electrical stimuli)
affected cardiomyocyte shape, morphology and maturity.546

To investigate electrophysiological events in biological
systems, high-density microelectrode arrays have been
developed with the capacity to record and stimulate single
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cells within a cellular network. In 2015, Müller et al.547

presented a complementary metal-oxide semiconductor
(CMOS) high-density microelectrode array capable of record-
ing and stimulating with bidirectional microelectrodes at high
spatial resolution and signal-to-noise ratio. This work, based on
earlier work by Frey et al.,548 was capable of circumventing the
trade-off between electrode pitch and readout noise perform-
ance, using the available area below the electrodes (3.85 × 2.10
mm2) to implement programmable routings of electrodes (26
400 platinum microelectrodes) as readout channels. This proof
of concept study achieved the recording of a neural network
composed of primary rat cortical neuronal and glial cells at
different levels of spatial resolution. Single neuronal
stimulation could also be achieved within the microarray
with electrical pulses, while simultaneously tracking the
affected neuron’s activity over multiple recording sites of its
axonal branches at a high spatial resolution over a distance
exceeding 1.5 mm.547

Lopez et al.549−551 presented another strategy for high-
density electrical recording based on CMOS and Electro-
chemical impedance spectroscopy (EIS) technology. EIS
technology uses a small alternating current applied across a
cell-laden surface to measure changes via voltage drop.552 EIS
has been presented as a real-time cell monitoring technology; it
can be used to measure cell adhesion and growth, does not
require labels, is noninvasive for cells and can be performed at
several frequencies to assess different physiological phenom-
ena.553 The microarray setup consisted of 16 independent
active areas patterned onto a chip, with 1024 electrodes per
area grouped into 256 pixels (Figure 26E−I)551 and enabling 6
different cell-interfacing modalities: (1) extracellular and (2)
intracellular recording, (3) constant-voltage stimulation for
controlled electrode potential, (4) constant-current stimulation
for controlled charge delivery, (5) fast impedance monitoring,
and (6) impedance spectroscopy.550 Lopez et al.549,550 used
this strategy for high-throughput electrical activity monitoring
of cardiomyocytes, measuring cardiac cell contractility in real-
time. During the contraction phase, the interface impedance
dropped, indicating a separation between the cell and the

electrode, while during the relaxation phase the impedance
increased again. This work also demonstrated the importance
of multimodal recording by treating the cells with Nifedipine
(calcium channel blocker) and recording electrical output
using the extracellular and intracellular recording modalities.
Only the intracellular recording showed that Nifedipine
significantly decreased the cell’s action potential duration.550

Miccoli et al.551 presented the use of this technology to
measure cell adhesion and growth of primary rat hippocampal
neurons on the microarray at seeding and after 8 days growth
(Figure 26J−N), and to record spontaneous electrical activity
under the form of a single unit and synchronized network
activity.551

5.3.3.3. Compression, Stretching, and Shear Stress. In
their natural microenvironment, cells are also subjected to
compression, stretching and shear stress. These forces are part
of their natural process and can trigger important cellular
events such as YAP-mediated increase of cell motility.554 For
example, a study in organogenesis showed that oscillating
waves of stretching and compaction of entire fields of cells can
pattern intracellular YAP/TAZ signaling, resulting in the
orchestration of defined tissue boundaries and therefore,
achieving controlled organ development.555

High throughput technologies have also been used to study
the effect of varying mechanical stress on cell behavior. One of
the first reports of such designs was by Moraes et al.,452 who
developed a microarray capable of applying cyclic compressive
strain onto 3D PEG hydrogels, with a compressive strain range
of 6 to 26%, stimulating individual cell deformations under
compression. Confocal microscopy was used to assess the
hydrogel deformation by mixing FITC-labeled fluorescent
beads into the hydrogel solution, and cell viability by using a
fluorescent-based LIFE/DEAD cell assay, informing on cell
viability and shape.452 Results showed that cell deformation
was significantly increased on the largest force sample, but not
for the rest of the compression range, while nuclear
deformation was not significantly different under any of the
mechanical conditions. The authors investigated this lack of
linear correlation by using parametric finite element simu-

Figure 27. Magnetically actuated, cell-laden hydrogels (μMACs). Three types of masks are designed, one for each of the layers: (i) a “magnetically
actuated” PEGDMA layer encapsulating magnetic Fe3O4 nanoparticles, (ii) a stiff, constrained layer, and (iii) a gelatin methacrylate layer
encapsulating the cells. The bottom right shows a photo of the hydrogel and cells setup, scale bar = 2 mm. (B) Fluorescent confocal images (top
panel) and 3D reconstructions (bottom panel) of encapsulated fibroblasts in μMACs (modulus = 6 kPa) under different strain conditions. Cellular
F-actin fibers stained using phalloidin (red), and nuclei (DAPI, blue). Graphs show (left) mean cell spreading volume increase over culture time
and increased strain levels, rising quickly to an asymptotic saturation level at a critical strain in the range of 40−60%, and (right) cell proliferation
increases with time and strain levels, saturating at the ∼40% strain condition. Scale bars = 500 μm. Error bars, SD (n = 10 μMACs for each strain
level, ∗∗P < 0.01, ∗∗∗P < 0.001). Reprinted with permission from ref 556. Copyright 2016 Nature Publishing Group.
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lations, and suggested that the relative stiffness difference
between the cells and the matrix (E*matrix) affected cell
deformation due to local “shielding” effects. The cell
deformation was not linearly correlated to mechanical strain
in the lower end of E*matrix ratios showed by PEG hydrogels
(0.1−1 kPa) because the local stiffness inside the hydrogel was
much lower than within the cytoplasm, and therefore it
“shielded” it from deformation. As the modulus of the matrix
equaled that of the cells, a large increase in cell deformation
occurs. In a similar way, as the nucleus is three to four times
stiffer than the cytoplasm, it was “shielded” by its soft
environment and thus its deformation response to a linear
increase in compression force was not actually linear.
More recently, Li et al.556 fabricated microscale magnetically

actuated cell-laden hydrogels to investigate the cellular
response induced by microenvironment strain.556 These
microarrays could undergo reversible, relatively homogeneous
deformation through magnetic fields, enabling the application
of strains of up to 60%. Using a multistep photolithography
model and sequential masking steps, they polymerized a
compressive layer, a magnetically actuated layer, and a cell
layer; all fused together in one device (Figure 27A).556 Cell
experiments started 6 h after encapsulation, and the
mechanical strain was applied for 10 h per day. After the
different treatments, the cells were fixed and stained using
phalloidin and DAPI (for cytoskeleton and nuclear staining,
respectively), and imaged using confocal microscopy. 3D
reconstructions of confocal Z-stack images generated data on
cell spreading over the hydrogels (Figure 27A).556 Results
showed enhanced spreading of the fibroblast cells in response
to the mechanical forces (Figure 27B),556 while the magnetic
field showed no statistically significant changes in cell
morphology. Data also showed that a mechanical strain up
to 40% could significantly enhance cell proliferation after 1 day
of culture, and that in all experiments strain activation was
required for substantial cell division, indicating a strong
correlation between mechanical strains and fibroblast pro-
liferation.556

In 2018, Horner et al.446 used electrospun 3D scaffold discs
for the assessment of varying dynamic compressive strain on
hMSCs under osteogenic conditions. The scaffold fabrication
was performed through the electrospinning of poly(ε-
caprolactone) into a fiber mat, and a 6 mm diameter biopsy
punch was used to generate cylindrical scaffolds of 3 mm
thickness. The scaffolds were plasma-treated, followed by
COL1 conjugation using a cross-linking agent, sterilized in
70% ethanol, and transferred to 24-well plates for cell culture
assays using human MSCs. The cells were allowed to infiltrate
the scaffold for 5 days before starting the osteogenic induction
conditions through soluble cues and mechanical stimulation.
The mechanical strain was applied using a custom-made
compression system in four separate magnitudes: 5, 10, 15,
20% of the scaffold thicknesses; statically cultured samples
(0%) served as a control. The strain was applied for 2 h each
day for up to 28 days of differentiation, after which histology
and transcriptional analysis were used to evaluate osteogenic
and chondrogenic markers. The authors found transcriptional
upregulation of chondrogenic markers and glycosaminoglycan
synthesis in response to the increased magnitudes of
compressive strain, whereas most osteogenic markers and
calcium deposition were decreased by compressive loading in a
magnitude-dependent manner. The dynamic mechanical
analysis showed enhanced viscoelastic modulus of the scaffolds

in response to increased dynamic strain, peaking at 15% (≈ 45
kPa), which coincided with the maximal GAG synthesis. This
study suggested that the differentiation of human MSCs
toward osteogenic or chondrogenic lineage was related and
dependent on the magnitude of dynamic compressive strain,
and therefore that mechanical strain is a powerful feature for
cartilage and osteogenic cell regeneration strategies.

5.3.4. Topographical Cues. There is plenty of evidence
showing that cells are able to respond to the topographical
features of biomaterials by integrin receptor-binding and
development of focal adhesion points.557,558 In their natural
setting, cells experience a complex 3D microenvironment, and
studies have shown that cells behave closer to in vivo models
when cultured in 3D conditions.559 Roughness has been
traditionally regarded as a random topography and an effective
surface modification strategy to improve cell adhesion and
infiltration of biomaterials, especially in osteointegration.560 As
such, it has been an important feature of microarray-based
biomaterial discovery, especially in combination with surface
chemistry and wettability. Early studies combined topography
and surface roughness studies in a reduced number of
biomaterials to investigate their effect on cell adhesion.561

Subsequent high throughput studies have assessed the
chemical structure and roughness measurement in their
microarray characterization and data mining strategies. For
example, in 2010 Yang et al.478 used data correlation analysis
to investigate the relationship between roughness and cell
performance. They fabricated microarrays using a library of
496 copolymers and recorded data on human embryoid body−
cell attachment, WCA, elastic modulus, protein adsorption,
and surface roughness. Multivariate analysis technique PLS
regression was then used to identify material properties−
functional relationships. In that study, only ToF SIMS spectra
were found to correlate to cell adhesion with nanometer-level
roughness observed not to have a significant influence.478

In more recent approaches, advanced photolithography and
soft-lithography techniques have been combined to fabricate
micro- and nanopatterns to study cell phenotype. For example,
Dalby et al.562 used electron-beam lithography to fabricate
defined nanopits of 120 nm diameter and 100 nm depth
arranged in 5 different patterns to compare varying degrees of
disorder, recreating the levels of disarray found in the collagen
fibers of natural ECM.562 Results showed that one particular
disordered topography, with nanopits 300 nm apart in a square
array and randomly displaced by up to 50 nm, was able to
induce osteogenic differentiation comparable to cells that were
chemically induced by dexamethasone on tissue-culture plastic.
Analysis using ingenuity pathways and canonical analysis (i.e.,
related to a specific signaling pathway), showed activation of
certain signaling events, in particular fibroblast growth factor
and epithelial growth factor signaling, that have been
associated with bone development.562 The authors followed
up by altering integrin clustering at the nanoscale level to
investigate the effect of small nanotopographical changes, and
showed that organized nanoscale patterning of cell-adhesive
features affects cytoskeletal contraction and intracellular
tension, subsequently affecting cell differentiation.562 Indeed,
other groups have shown a direct relationship between cell
shape through surface-induced topography and cell epigenetic
state, which in turn alters the cell phenotype through gene
expression (reviewed in ref 563).
De Boer and co-workers51,144,455−457,564 have developed

their own strategy for high-throughput topography studies. In
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2011, Unadkat et al.455 presented a mathematical algorithm
that can design over 150 million (154 320 600) unique
topographies by combinatorial mixing of three primitive
shapes (triangles, circles, and rectangles), generating a very
large number of relevant geometrical features such as smooth
areas, angles and stretched elements. The topographical design
is generated in silico by randomly selecting parameter values
such as total size, number of primitive shapes to be used, their
distribution, and the degree of alignment between the shapes.
Next, each primitive is placed at a random position within the
feature, with the overlapping of primitives being allowed. The
different shapes range from 3 to 10 μm and are arranged into
imaginary squares of the variable area and 5 μm height. From
the in silico library, 2176 unique TopoUnits were randomly
selected to create the first “TopoChip”455 (information on
fabrication in section 5.2.1.2). Human MSCs were used to
investigate the bioactivity of the topographies, with cell
number (TOTO-3 staining) and proliferation (EdU staining)
measured after 8 h of culture using fluorescent microscopy. A
classifier algorithm was trained from a subset of the data set
(the highest and lowest 10% of the data), and used to identify
specific topographical features with high cell phenotype
modulation. Feature size and the Fourier-based parameters
WN1 and WN1.5 were found to display the best predictive
power on cell behavior, suggesting that cell proliferation could
be triggered by concentrating on designs composed of certain
spatial distributions.455 The authors also investigated the
osteogenic differentiation of MSCs (ALP staining), and
correlated positive cell numbers to cell morphology features
on the different topologies, showing that smaller area and

higher major axis cell length identified with increased
osteogenic cell phenotype.455

In 2015, Hulsman et al. presented a materiomics-based
computation analysis for the exploration of the cell
morphology responses to the different TopoChip features.
First, data from one human MSC cell line on 8 identical
TopoChips was gathered for the nucleus (DAPI) and
cytoskeleton (phalloidin), generating 16 replicate measure-
ments in parallel. The fluorescent images were analyzed using
CellProfiler software for cell number, cell localization, and cell
morphology data acquisition; followed by extensive computa-
tional analysis based on 33 cell morphological properties and
30+ topographical parameters. Interestingly nucleus form
factor (i.e., “roundness” of the nucleus, defined as 4π ×
area/perimeter2) showed the most significant response to
topography (Figure 28A), with cell orientation and maximum
DAPI staining intensity also showing highly significant
variation. On the other hand, the cell area was shown to
only moderately responsive to the micropatterned substrates.
The authors followed up by ranking the features’ effect on cell
morphology, thus finding spectra of surfaces that could
modulate cell properties and identifying relevant surface
parameter combinations that could predict cell responses on
untested surfaces. Since de Boer’s topographical library is too
large to study even in high-throughput, the use of computa-
tional models allowed for a first in silico test to identify features
that can most likely evoke the desired cell response, thus
improving microarray design.565

De Boer and co-workers have since optimized the TopoChip
technology and generated variant formats, such as the

Figure 28. Features of cell-based topographical microarrays. (A) Fluorescent images ranking surfaces by nucleus roundness of human MSCs
growing on patterned PLA surfaces; the three lowest and three highest-ranked surfaces are represented. The topographies are represented and
colored according to a Mann−Whitney U-test ranking. Cells show nuclear (red) and cytoskeleton (green) staining. Reprinted with permission from
ref 144. Copyright 2015 Elsevier, Ltd. (B) High fidelity of PDMS patterns generated from the MARC master molds by soft lithography. SEM
images of (i) unpatterned PDMS control, and (ii−viii) patterned topographies, with the description of patterned size (line width or pillar and well
diameter, μm), pattern spacing (μm) and pattern height (μm), in that order. The perpendicular pattern is also indicated with the abbreviation (pr).
Scale bar = 5 μm. Reprinted with permission from ref 571. Copyright 2013 Elsevier, Ltd.
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TopoWellPlate51 and the Nano-TopoChip,457 and investigated
the effect of topography on a variety of different cell models
and assays; such as secretory capacity456 and osteogenic
differentiation566 of human MSCs, tenocyte cell phenotype,567

human epidermal stem cell differentiation,568 and “hit”
topographies have even been tested in vivo in animal studies
of osteointegration.566 For example, Leuning et al.456 used the
TopoWellPlateto study the effect of surface topology on the
cell secretion profile of primary bone-marrow derived MSCs
and kidney-derived perivascular stromal cells. Stromal cells
have immunomodulatory and regenerative potential in vivo,
and these properties have been tightly linked to their secretory
profile.569,570 The authors cultured the cell types in a
TopoWellPlate containing 76 unique topographies plus
unpatterned controls. The cytokine secretion profile after 48
h was assayed using a custom-made multiplex ELISA system,
and total cell number and morphology were measured via
fluorescent microscopy.456 Secretion levels were adjusted for
cell number, and comparison between topographies showed a
high range of variability. Most importantly, the coefficient of
variation between technical replicates was low for the majority
of factors, showing a robust response to the topographical
features. Data analysis also showed noticeable cell type-specific
responses, with differential secretory responses to the same
defined topographies among the different stromal cell
populations.456

The Nano-TopoChip was presented by Hulsholf et al.457 in
2017, with high-quality designed nanometer-scale features
fabricated on polystyrene, on a large area (4 cm2), using deep
UV projection lithography together with conventional
lithography. The study used osteosarcoma cells to compare
cell number and morphology changes on the microsized and
nanosized TopoChips. Cell nuclear morphology showed the
biggest difference, with cells showing marked nuclear changes
when cultured on the microsized topographies, as compared to
almost no effect on the Nano-TopoChip. Cytoskeleton
morphology was markedly affected by both the nano- and
the microtopographies. Machine learning methods were used
for data analysis of the cellular effects of nanotopography;
identifying the size and spacing of the nanotopographies, as
well as the ratio of patterned versus nonpatterned area, to have
significant and reproducible effects on cell spreading. Since
nanotopographies do not restrict the shape of the cells, the
authors suggested an effect on the availability and localization
of cell attachment sites through spatial constraints (e.g.,
alignment of attachment proteins and availability of recog-
nition sites such as RGD). This work translated the large
topographical design space of the algorithm by de Boer et al.455

from micro- to nanosize scale, generating data on topo-
graphical effects at the subcellular level.
In 2012, Yim and co-workers571,572 developed another

microarray strategy to investigate the influence of topography
in cell behavior. The microarray included topographies ranging
from micro- to nanodimensions, with not only varying lateral
dimensions but also height and complexity. Gratings, pillars,
wells, and complex 3D hierarchical structures were included in
the so-called multiarchitecture (MARC) chip (Figure 28B),
which was composed of patterned PDMS substrates featuring
18 different topographies in duplicate.571,572 Ankam et al.571

used the MARC chip to investigate the neural commitment of
human ECSs. Human ECSs were cultured on the topo-
graphical arrays for 7 days in neural induction media, and
subsequently stained for glia cell markers (glial fibrillary acidic

protein, GFAP) and neural cell markers (tubulin III, Tuj1).
Results showed a significant effect of topography on neuronal
differentiation, with planar surfaces generating an even mixture
of neuronal and glial cells, while anisotropic micro and
nanogratings displayed higher neuronal markers (Tuj-1
positive cells), and isotropic pillar patterns resulting in greater
glial cell number (GFAP-positive cells).571

In 2018, Kukumberg et al.573 further developed this
technology to create the MARC chamber and the MARC
plate. The MARC chamber contained 42 distinct patterns (2 ×
2 mm2) mimicking the topographies on the MARC chip, with
the added feature that it could robustly fit into conventional
cell culture plates or dishes. The authors also generated a
MARC plate, with one pattern in each well of a multiwell plate,
providing a scale-up format with a larger area for microarray
data validation. The MARC chamber was used to investigate
the effect of topography, COL1 coating, and cell density
seeding in umbilical vein endothelial cells phenotype. ICAM-1
expression and monocyte adhesion were assayed as markers of
functional endothelial cell layers. Pillar structure topographies
showed improved performance as compared to lens top-
ographies, resulting in significantly enhanced endothelial cell
monolayer phenotype on the study.573 In 2020, Arora et al.574

followed up on this work by culturing primary arterial
endothelial cells, primary venous endothelial cells, and
human PSC-derived endothelial cells on MARC chips
containing 16 different topologies. Only 2 μm wide simple
grating and hierarchical gratings produced significant align-
ment of the primary cells, while the PSC-derived cells showed
alignment to a wider range of topographies. Results also
showed that when the primary endothelial cells were cultured
on gratings topography, there was an induction of the venous
over the arterial phenotype.574

5.3.5. Next-Generation Multiparameter Microarrays.
As individual characteristics of biomaterials have been
thoroughly investigated in different cellular models, the next
logical step has been to combine the screening of set
characteristics to achieve a basic understanding of the
correlation between the different properties of biomaterials
and their biological performance in a systematic manner. One
such combination has been presented in 2020 by Burroughs et
al.,410 where the TopoChip technology from de Boer and co-
workers51,455,458 has been combined with the large chemical
libraries studied by Alexander and co-workers409,441,575 to
generate a microarray containing 980 unique chemo-topo-
features, herein called ChemoTopoChips. The microarray
design comprised 36 TopoUnits (including a flat control),
patterned onto tri(3-mercaptopropionate):tetra(ethylene gly-
col) diacrylate (1:2 TMPMP:TEGDA), arranged in a 3 × 3
mm2 grid and repeated 28 times for variable chemical
functionalization via UV-polymerization of monomer/DMF
solutions to react with thiols on the patterned substrate.410

The ChemoTopoChips were used to assay both human MSCs
and primary monocytes isolated from human blood, as cross-
talk between macrophages and MSCs has been shown to be
essential for successful biomaterial osteointegration. First, the
human MSCs were cultured on the microarrays using the basal
(nonosteoinductive) medium for 5 days, followed by
immunostaining. CellProfiler software was used to extract
data on total cell number (nucleus), cell morphology (ß-3-
tubulin), and osteogenic phenotype (ALP staining intensity);
which was normalized to the TMPMP-co-TEGDA flat control.
Analysis of the mean integrated ALP intensity per cell revealed
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113 features with a significant ALP upregulation and 103
features with a higher cell number (p < 0.05). Interestingly, all
combinations containing microtopographies displayed higher
cell numbers than the counterpart chemistry-functionalized flat
control.410

The 3D microarray system developed in 2016 by Lutolf and
co-workers450 is another example of highly combinatorial
systems for cell niche bioengineering. The platform was
fabricated on 1536-well plates, and the combination of a library
of molecular building blocks allowed the generation of a highly
tunable system to investigate five distinct ECM parameters.450

The peptide derived from FXIIIa was used to cross-link PEG-
based macromers into 3D hydrogel networks of tunable
stiffness in physiological conditions. The addition of lysine-
containing peptides with various MMP-sensitive sequences
onto the PEG-macromers allowed the hydrogel to be
susceptible to cell-mediated degradation, an important feature
of tissue homeostasis (Figure 20B). Tunable cell number and
ECM protein addition to the prepolymerization solution
generated an even larger combinatorial space. Finally, the well-
plate format allowed for multiple media formulations in closed
environments. The combination of all these variables
generated a platform for the independent control of five key
cell microenvironment parameters: mechanical properties,
proteolytic degradability, ECM protein composition, cell−cell
interactions, and soluble cues.450 In the study by Ranga et
al.450 an Oct4-GFP reporter mouse embryonic stem cell line
was grown in the multiparameter 3D hydrogel microarray, and
real-time data acquisition for colony formation and cell
proliferation was achieved using confocal microscopy and
GFP-fluorescence monitoring (Figure 20B).
Cells in vivo are exposed to a complex, spatially organized

3D microenvironment, generating polarization, gradients, and
spatially defined cues that direct cell migration, proliferation,
differentiation, and metabolic responses over time.576 Matrix
degradation and remodeling are also an intrinsic part of tissue
homeostasis, thus spatiotemporal cues have been recognized as
useful parameters in biomaterial engineering, managing to
evoke specific biological responses over time. Recently, Brehm
et al.530 have described the miniaturization and parallelization
of combinatorial organic synthesis, through the development
of an on-chip solid-phase combinatorial library synthesis
method. The microarray platform used was the Droplet-
Microarray developed by Levkin and co-workers,528,533 and a
hydroxyethyl linker was used for the solid-phase synthesis, as it
can be cleaved using a UV light of 365 nm (shown to be
nontoxic to cells577). The photolinker allowed for compound
release at any point during the assay, adding temporal flexibility
to the platform. The Ugi four-component reaction,578 which
can yield a large number of different products with a small
input of variation, was used for compound synthesis; using five
different amino acids and surface-bound amines, three
isocyanides, seven carboxylic acids, and eight carbonyls; and
generating of a total of 840 unique products. The nanomolar
library was then retrieved from the surface through photo-
release, and analyzed using mass spectrometry. As a proof of
concept, the drug chlorambucil was covalently bound through
the photosensitive linkers onto the microarray and Chinese
hamster ovary (CHO) cells were used to assess response to
culture on a drug-laden microarray with and without a UV-
treatment for drug release, and culture on “naked” non-
functionalized microarrays with or without a UV treatment.
CalceinAM and Propidium iodide staining were used to assess

cell viability. Non-UV treated drug-laden arrays had similar cell
viability to naked microarray controls (97%), while UV-
triggered drug release reduced cell viability (<5%). UV
treatment on the naked microarray did not have a significant
effect on cell viability (96%).530 These results showed how the
surface-bound compounds were only active on the cells after
UV-triggered release, thus evidencing the flexibility of their
platform’s screening conditions in a spatial, temporal, and
quantitative manner.530

Another drawback of microarray technologies is that they
typically rely on “end-point” cell assays, with data collection
requiring the termination of the experiment. Informative data
on how the cells attach, grow, and react over time to the
biomaterial can greatly increase our understanding of the cell−
biomaterial interface. For example, natural heart development
starts from a soft, disorganized matrix, and naturally evolves
through embryo development toward the adult heart, which
presents a highly organized and stiff matrix capable of enduring
cardiomyocyte contraction and conductive of electrical
stimuli.579 This is a timely and spatially defined process, with
changes occurring not only within the cells, but with cells
modifying their surroundings over time. Real-time data
collection methods, so-called 4D tracking (including time as
the fourth dimension) are gaining momentum, with a number
of new methodologies being developed for live-cell tracking.
An example of real-time data collection on cell behavior

within a biomaterial was reported by Blakely et al.,580 who
developed a system using molecular tension probes based on
DNA hairpins conjugated to fluorophore-quenchers to reveal
cellular traction forces applied within biomolecule-laden
hydrogels, giving spatiotemporal information on cell “pulling”
within their matrix.580 Another system for real-time cell
assessment is the so-called 4D cell culture imaging systems,581

which are able to track cell migration, matrix remodeling,
proliferation, and phenotypical changes in a spatial and
temporal manner. Samal et al.582 have recently presented a
microengineered high-content imaging platform for 4D
tracking of single cells in an in vitro morphogenesis model.
The platform fabrication used a free-forming variant of
negative microscale pressure thermoforming, where a trans-
parent polycarbonate film was patterned into microcavities
arranged in an array fashion, with a ∼500 μm width and a
∼500−1250 μm length.582 The thin-walled cavities allowed for
multidimensional time-lapse imaging using confocal micros-
copy, translatable to many common laboratories. The authors
created a data analysis pipeline using free software that could
be used to evaluate and quality-control single-cell migration
and aggregate morphogenesis, making this time/spatial single-
cell tracking method an open-access resource.582 These novel
4D technologies have the potential to widely increasing our
understanding of cell−biomaterial interactions over long-term
exposure, and as such, better predict their performance in vivo
applications.581

Mass spectrometry techniques and elemental analysis will
also be key to the success of cell-based microarrays strategies,
improving our ability to detect individual protein species on
and within biomaterials in a high-throughput manner.473

Moreover, biomaterials that enable reversible biophysical and
biochemical properties will also be great additions to high
throughput assays.530 For example, the use of photoresponsive
and photocleavable reactions on hydrogels, which permits
user-defined quantities of proteins to be anchored within
distinct subvolumes of a 3D matrix, and tailored subsequent
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removal using ortho-nitrobenzyl ester photoscission.583 In this
manner, hydrogels can be designed with spatially defined
ligand availability, and modified over time of cell culture to
induce a certain cellular response.

5.4. Biological Models in Microarray Studies

Cells in vivo interact with a highly complex and specific ECM,
responding to its cues, gathering information and generating
signaling events that ultimately control cell behavior.584 The
lack of complete and accurate information on natural niches
complicates rational engineering. To bridge the gap, high
throughput technologies have the ability to present one
particular biological system with a large number of varying
biomaterials in parallel, therefore reducing biological variability
while increasing sample size and reducing experimental cost
and time. However, because the biological response is
ultimately the key to the success of these arrays, the biological
assay design and data analysis are determining characteristics,
and they need to be tailored to the specific biological system
investigated, and to the desired cell response. This section will
review the variety of biological models used in high throughput
technologies, with emphasis on the output/functional assays
used in relation to the desired cellular behavior.
5.4.1. Mammalian Cells. Most of our current under-

standing of mammalian cell biology comes from artificial, 2D
culture methods on glass or tissue culture plastic. These
cultural methods dominate biomedical research because they
are easy to operate and highly reproducible. However, 3D
biomaterials are the ones that most accurately recapitulate the
native microenvironment of mammalian cells. It has been long
established that cells in 2D conditions behave differently than
their 3D counterparts, and that in sensitive applications such as
drug development or organ formation, a native microenviron-
ment is paramount to collect accurate data that can be readily
translated to clinical applications.559,585,586 As we learn more
about the biological response to artificial niches, we are better
able to understand the different ways that mammalian cells
communicate with and respond to their immediate surround-
ing microenvironment.
5.4.1.1. Stem Cells: Differentiation and Self-Renewal.

Regenerative medicine holds great promise for treating
dysfunctional or damaged tissue resulting from trauma, disease,
or aging. In particular, cell therapies and tissue engineering
strategies have focused on two types of cells: (1) human ESCs
or PSCs, which are derived or mirror the postimplantation
epiblast embryonic state; and (2) multipotent stem or stromal
cells, such as MSCs, which are tissue-specific cells with limited
differentiation capacity.586−589 Stem cells are defined by two
key characteristics: the ability to self-renew, that is, to
proliferate and replenish their population, and the potential
to differentiate into other cell types. While these cells offer the
possibility to create unlimited amounts of any cell type, there
are still major biological roadblocks to overcome before they
become an easily accessible biomedical tool. In particular, one
of the major problems for cell therapies is that current in vitro
differentiation protocols still fail to produce mature and
functional organs, typically generating disarrayed cell mixtures
with embryonic or immature features.526,590 For example,
cardiomyocyte cell replacement therapies have met two key
issues that are still being resolved: (1) foreign cardiomyocyte
cells do not easily integrate within adult hearts, showing low
engraftment efficiency and potentially creating ventricular
arrhythmias591 and (2) human PSC-derived cardiomyocytes

are phenotypically immature, with features closer to prenatal
heart.526,592 With soluble cues having been amply optimized,
the focus is now on biomaterial engineering as the key to
improved cell differentiation.526

The field of biomaterials has focused greatly on the
development of biomaterials to influence, direct, and
determine the fate of differentiating stem cells (reviewed in
refs 22 and 422). Stem cells respond to both (bio)chemical
and (bio)physical cues in their immediate microenvironment,
and these changes influence both their differentiation potential,
efficiency, and maturation into tissue-specific functioning
cells.593−595 In particular, MSCs have shown to be greatly
influenced by surface chemistry, topography, and stiffness, with
studies showing that biomaterials resembling the mechanical
features of the desired tissue can induce directed differentiation
as effectively as soluble cues.76,410,456,596,597 Since biomolecular
cues used in stem cell culture can be expensive to produce and
quality control,598 the induction of stem cell differentiation
through interaction with synthetic chemical groups tethered to
a spatially defined structure opens the door to more powerful,
simple and cheap strategies for therapeutic treatments.596

Universal substrates for stem cell culture in vitro have been
investigated. Such as the study by Celiz et al.,409 which used a
large library of chemical monomers to find an improved
synthetic polymer that could support both expansion and
multilineage differentiation of human ECSs.409 During the
microarray discovery step, only one stem cell marker (Oct4)
was used to determine stem cell survival and maintenance onto
the different polymers. It was during the scale-up of the hit
combinatorial polymer Poly(HphMA-co-HEMA) that multi-
lineage differentiation potential was investigated. In this
instance, a polymer that could be easily adapted to several
differentiation protocols was the goal, as a defined and
economical alternative to the widespread Matrigel formulation
(an ECM formulation derived from a mouse sarcoma599). The
mechanism of initial cell adhesion was also investigated
through integrin blocking experiments, reporting for the first
time β1 and αv integrins as the main mediators of cell
attachment to a synthetic polymer.409

Improved stem cell phenotype and generation have also
been investigated using high throughput strategies. Caiazzo et
al.586 showed that an engineered biomimetic 3D microenviron-
ment not only promoted mouse embryonic stem cell features
(even in the absence of supporting biochemical factor LIF),
but also increased the efficiency of cell reprogramming to PSCs
3-fold as compared to 2D culture.586 Their data showed that
early events during reprogramming of adult cells toward a
pluripotent stem cell state are accompanied by profound
morphological changes, which may facilitate the mesenchymal-
to-epithelial transition and chromatin remodeling required for
the reprogramming toward PSCs.586 Higher histone acetyla-
tion and trimethylation in lysine 4 (H3K4me3) were detected
in 3D conditions, showing that biophysical cues can modulate
the epigenetic state and improve the efficiency of cell
reprogramming in 3D hydrogel microarrays.586

Other reports have focused on differentiation efficiency in
closely related cell types. Malta et al.489 investigated the
differentiation of mouse ECSs primed to definitive endoderm.
741 unique protein combinations together with soluble factors
(media for pancreatic or hepatic differentiation) were
combined. The authors found that, as the differentiation
progressed, cell survival and proliferation changed, and that the
ECM composition had a marked and differential effect in the
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differentiation efficiency of these very close cell types.489 In
2016, Delalat et al.600 combined 7 ECM proteins and 4 soluble
growth factors to generate 201 unique microenvironments to
investigate cell survival of insulin-producing cells. The results
obtained using a mouse insulinoma cell line were compared
with cells harvested from mouse and human pancreatic islets.
Total cell adhesion number of mouse insulinoma cells on the
microarray showed that triple protein combinations dominated
the top 10% of candidates identified, with FGF-2 (fibroblast
growth factor II) being present as the major components in 7/
20 top-performing combinations.600 The authors then used the
same microarray to assess mouse and human primary islet cell
attachment and growth at 48h. Interestingly, the results did not
correlate with the ones obtained on the insulinoma cell line,
but did have some correlation between the two primary cell
populations. Collagen IV recurred as the major components of
the highest-ranking protein combinations for both primary cell
samples. This study showed the importance of the biological
system in microarray technologies, as the biomaterial hits
shown by an immortalized cell line did not accurately model
the ones shown by cells sourced from adult tissue.
Hou et al.601 used a microarray platform to investigate the

effect of random protein combinations in embryonic stem cell-
derived-endothelial cell functionality, specifically investigating
a potential cell therapy treatment for critical limb ischemia.

Their platform combined 6 ECM components, generating 63
single or multicomponent mixtures, which were printed onto
glass slides in 378 distinct spots, including Matrigel599 as a
positive control. Human PSC-derived endothelial cells were
incubated onto the microarrays for overnight cell attachment
in normoxic conditions at 37 °C, after which the cells were
subjected to conditions frequently found at sites of tissue
ischemia, namely hypoxia and reduced nutrients, replicated by
media exchange to basal (no added growth factors) and then
transfer to a hypoxia chamber set to 1% O2, 5% CO2, 94%
N2.

601 Cell viability (Calcein-AM), cell number (Hoechst
33342), CD31 expression (endothelial cell marker), and nitric
oxide production (via incubation with a fluorescent NO probe)
were assessed using high-throughput microscopy. The authors
correlated the large data sets, and identified several protein
combinations that performed better than the positive control
(Matrigel), showing the importance of nonintuitive protein
combinations in specific biological processes.601

5.4.1.2. Immunology. An important feature of a biomaterial
to be used in cell therapies is its immunological response,
which needs to be thoroughly investigated beforehand to avoid
complications such as host-rejection, excessive inflammatory
response, or fibrosis. The term “immune-instructive” material
has been used to characterize biomaterials that can elicit a
desired immunological response in the target host.602 In 2020,

Figure 29. Macrophage cell attachment is mediated by small circular pillar topography. (A) Macrophage cell attachment represented as high
(blue), medium (green), or low (orange) plotted against total pattern area (μm2). Categories of macrophage attachment were determined through
cluster analysis using Euclidian distance. Composite confocal images showing cell membrane (green) and nucleus (blue), representative of (B) low
attachment, or (C) high attachment TopoUnits with inset (D) with orthogonal views of Z-stack images showing cellular engulfment of the
cylindrical pillar feature. Scale bar = 10 μm. Reprinted with permission from ref 602. Copyright 2020 Wiley-VCH.
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Rostam et al.603 presented the high-throughput combinatorial
study on macrophage phenotype activation using a large library
of chemistries (141 distinct monomers),427 followed by a
second-generation array of “hit” monomer combinations, and
scale-up of the best performing chemistries for in vitro and in
vivo studies. Human blood-derived monocytes were cultured
on the primary arrays, after which they were fixed and stained
for calprotectin (M1 pro-inflammatory phenotype), CD206
(M2 anti-inflammatory phenotype) and DAPI for total cell
number. The average M2/M1 ratio was calculated for each
polymer to identify “hit” materials that could evoke an M2,
M1, or M0 (representing either naiv̈e or evenly distributed)
phenotype. Data mining showed that cell attachment did not
correlate with high polarizing scores, and thus the authors
generated a secondary copolymer microarray of 400 features
composed of the combination of the 10 highest macrophage
polarizing monomers with the 10 monomers with the highest
cell attachment. This second-generation array showed a high
level of macrophage polarization and cell attachment. Four
high-performing polymers were then selected and scaled up to
24-well plate format for the culture of monocytes for 6 days,
followed by ELISA-based analysis of cytokine secretion. The
scaled-up polymers showed high cell viability (>95%), with
two polymers found to induce highly specified cytokine
secretion profiles. Finally, the authors dip-coated 6 “hit”
chemistries (inducing all three phenotypes) onto clinical-grade
silicone rubber tube segments and implanted them subcuta-
neously into mice for a period of 28 days. Hematoxylin and
eosin and Masson’s trichrome stains were used to assess the
tissue inflammatory response, and the results obtained
correlated with the in vitro data as compared to the uncoated
silicone control, which showed the thickest collagen layer, a
sign of fibrosis. The correlation of the microarray and the in
vivo data suggested that unbiased and combinatorial in vitro
screening of large polymer libraries can successfully translate to
bioinstructive biomaterials for clinical applications.
Recent work by Vassey et al.602 investigated the effect of

topography on macrophage polarization. Plasma etched
polystyrene TopoChips458 were used to culture blood-derived
monocytes from five different donors in serum-containing
medium. Rank order analysis of the cell attachment (total
nuclei, DAPI) and morphology (CellMask), was compared
across the different donors showing consistency for the high
and low attachment topographies. Overall, monocyte attach-
ment was significantly higher in the presence of topography
when compared to flat surfaces. Computational regression
analysis was used to determine topography parameters that
highly influenced monocyte adhesion. Descriptors that high-
lighted the size of the individual TopoUnit components,
specifically the presence of micro pillars with a small surface
pattern area, dominated the model and were able to capture
the differences between high and low performing features
(Figure 29A).602 The ability of topography to modulate
macrophage attachment was challenged by using protein
coatings (Fn or COL1), with results showing the same cell
attachment changes as compared to flat controls independent
of the preadsorbed protein composition.602 Interestingly, a
differential monocyte−biomaterial interaction was observed,
with the small micropillar topographies being fully engulfed by
the monocytes, in contrast with selective attachment on larger
topographies (Figure 29B−D).602 Polarization of naiv̈e
macrophages was also investigated, via immunostaining for
calprotectin (M1-phenotype) and mannose receptor (M2-

phenotype). M2:M1 ratio was calculated (per cell) and
normalized to the flat TopoUnit on each chip. Overall, the
proportion of the three potential phenotypes across the
TopoChip indicated there was a range of phenotypic responses
and no one predominant macrophage polarization state.
Trained machine learning models were used to investigate
the relationship between a range of topographical parameters
and macrophage phenotype. Interestingly, the micropillar
pattern area was found again to have a strong predictive
quality on M2 polarization.602

Acharya et al.604 used a so-called “immunoarray” for the
high-throughput investigation of the effect of adjuvants and
toll-like receptor (TLR) ligands on dendritic cell response.
Adjuvants are critical components of vaccines, as they
potentiate the specific type and magnitude of the immune
response to the coformulated antigens; the mechanism
underlying adjuvant activity is key to the optimization and
generation of vaccine formulations. In the immune response,
the recognition of pathogen-associated molecular patterns by
the immune system is typically achieved through TLRs. To
address the development of polymeric, particle-based ap-
proaches in antigen/adjuvant combinations, a cell-based
microarray screen was developed where the adjuvants and
TLR-ligands monophosphoryl lipid A (MPLA), CpG, and
polyinosinic:polycytidylic acid (poly I:C) were encapsulated in
PLGA microparticles and contact-printed onto glass coverslips,
generating 216 distinct dosing combinations in triplicate.
Dendritic cell number and marker expression were assessed
through immunostaining and fluorescent microscopy, showing
the cells were able to attach, spread, and survive on the arrays
for 24 h. The platform was then used to investigate the
interplay between TLR signaling on cells and the magnitude of
the antigen-specific immune response, with cell activation
assessed via several pro-inflammatory markers. All adjuvant
combinations showed significant marker expression variation
as compared to negative (no-particles) conditions, confirming
a measurable effect of the particles on the cells in the
microarray format. A ratio consisting of 1:2:2 CpG:MPLA:poly
I:C generated the highest pro-inflammatory cell phenotype on
the microarray.

5.4.1.3. Soluble Factors and Paracrine Signaling. Another
important feature of the cell niche is the paracrine cues, which
are soluble signals secreted by the cells themselves onto the
media, which then can bind to specific cell-receptors in
neighboring cells and drive key processes such as proliferation,
survival or differentiation.576 Microarray technologies for cell−
biomaterial assays have typically used glass slides as printing
support, due to their ready availability and easy handling
during the microarray fabrication process. This glass slide
would then be exposed to one cell solution, with the cell
culture done in one continuous liquid form. While this
approach reduces biological variability between biomaterial
samples, it also implies that cell-secreted factors diffuse freely
between the different biomaterial conditions, as well as any
toxic molecules derived from any particular biomaterial over
time of culture, or from biological processes such as apoptosis.
Very little work has been done to investigate the effect of these
paracrine signals on individual polymer data, with scale-up and
subsequent isolated testing being the ultimate proof of
biological performance. To partially mitigate these effects,
several strategies have been presented. For example, random-
ized printing has been used to reduce the effect of localized
events on polymer efficiency.605 Other groups, such as Lutolf
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and co-workers,450 have used microwell plates to create truly
isolated biological systems, and including soluble cues as a
microarray variable.450

Another approach by Levkin et al.528 has used chemical
patterning on 2D microarrays to generate superhydrophobic
borders in between hydrophilic polymer islands of defined
geometry,528 called droplet-microarray.529 The superhydro-
phobic area repels protein adsorption, cell attachment, and
even liquid deposition, with individual media drops sponta-
neously generating on top of each polymer island, physically
separated by the hydrophobic strip but close enough to yield a
high number of spots tested per slide.531 In 2020, Levkin and
co-workers532 used the droplet-microarray529 for the HTS of
the cell-transfection inducing capacity of 774 different FDA-
approved drugs, using different concentrations and totaling
42 000 individual experiments. The amounts of drug required
were 20 nL droplets and only 200 pmoles of drug, about 2500-
times smaller than if the experiment had been performed in
384-well plates. A GFP-encoding plasmid was used as a
reporter gene to monitor transfection efficiency. An FDA-
approved compound library was diluted and arrayed into 96-
well plates, followed by their contact printing onto the droplet
microarrays. Complexes of GFP plasmid DNA and a
transfection reagent were prepared and printed into each
spot, and incubated with drugs at three concentrations along
with a drug-free control (DMSO). Cells were added onto the
arrays in one solution, which rapidly formed uniform
microdroplets for each spot due to the superhydrophobic
edges, and incubated onto the array for 24 h. The relative
transfection enhancement was calculated as a ratio of the mean
number of GFP positive cells for each drug over the mean
number in GFP positive cells of drug-free controls. The 425
compounds showed transfection enhancement, with some
compounds showing up to a 5-fold increase of cell transfection
efficiency. This study highlighted the importance of cell-
isolated experiments, as it presented a highly miniaturized
soluble compound screening platform on a single 2D substrate.
5.4.1.4. Chemically Defined Conditions. As described in

section 5.2.2, protein adsorption onto biomaterials has been
defined as the key mediator of cell attachment.462,467 These
proteins are typically part of complex media formulations used
during the biological assay, and contain variable amounts of
cell−ligand molecules (e.g., cell-binding proteins such as
Vitronectin or Interalpha-inhibitor are found in serum, a
common cell media culture additive606,607). While great efforts
have been directed into predicting the protein deposition
potential of biomaterials,471−473 highly complex media
formulations have made the investigation of the exact features
mediating cell attachment complicated and, ultimately,
unsuccessful in creating a unified theory for rational polymer
design. Only fully controlled environments can elucidate the
direct impact biomaterial characteristics have on biological
entities.63

In 2016, Reimer et al.564 used polystyrene TopoChips458 to
investigate human pluripotent stem cell attachment (number
of cells), proliferation (EdU staining), and maintenance of
pluripotency (Oct4 expression) in vitro in completely defined
media (E8, based on the study from Chen et al.589) without
the addition of any cell-attachment proteins. Human PSCs are
traditionally difficult to grow in vitro, with the typical use of
complex protein solutions (such as Matrigel599) required for
their undifferentiated expansion.608 The cell data showed that
at 4 h, the 100 top and 100 bottom topographies did not differ

significantly from the control flat topographies in the number
of cells. At 24 h postseeding, the top 100 topographies showed
approximately 3-fold more Oct4 and EdU-positive cells as
compared to the control (flat polystyrene). Cell behavior
revealed that the top 100 topographies supported cell-cluster
formation with a higher cell number per cluster. These
observations correlated with the literature, as human PSCs are
dependent on cell−cell contact for survival and prolifer-
ation.609 After 4 days of culture, the top 100 topographies had
supported the formation of large colonies of undifferentiated
human PSCs, expressing the pluripotency markers Oct4 and
Sox2. Computational tools were used to predict the topo-
graphical features most supportive of human PSC proliferation,
and feature size (less than 60 μm2) and wavenumber (WN0.2),
smaller than 0.065 au (i.e., small features more frequent)
showed high prevalence among the top 100 topographies.
Their results showed the possibility of topography-based
substrate design for short-term studies of human PSCs in
chemically defined and extracellular-matrix free conditions.
In 2020, Ireland et al.610 presented another matrix

microarray screening strategy to study the effect of ECM
composition and substrate stiffness on stem cell fate. They
used O2-plasma treated PDMS to generate soft (1−2 kPa) or
stiff (61.5 ± 2.37 kPa) substrates on glass slides, which were
then covalently functionalized with single or combinations of
fibronectin (FN), Vitronectin (VN), Laminin-521 (LN521),
and Collagen IV (COLIV) to generate 32 unique matrix
islands. The proteins were chosen on the basis of previous use
in human pluripotent stem cell culture. A chemically defined
and “lean” medium (E8589), which contains no ECM proteins,
was used to create a highly defined setup. Human PSCs were
incubated on the arrays for 4 days before fixing and staining for
the pluripotent marker (Oct4) and nuclear detection (DAPI).
Only LN521 could support hPSCs for 4 days as a single
protein, and the combinations FN+VN+LN521 and FN
+LN521 on stiff substrates were the ones that performed the
best in PSC attachment and growth, with no loss of
pluripotency (Oct4 expression) in any condition tested. FN
and LN521 showed the best cell performance, and the stiffer
PDMS substrate performed best in all protein conditions over
the soft substrate. When investigating the combinatorial feature
effect, the authors found that fibronectin+laminin-521
conditions have a strong synergistic effect (as compared to
single protein conditions) in the soft array, but not in the stiff
conditions. The authors suggested that the synergy of these
proteins was masked in stiff conditions due to the high
performance of the stiff hydrogel. Four combinations were
scaled-up and used in hPSC culture for 15 passages to
investigate long-term effects alongside VN- and Matrigel-
coated positive controls. Not all conditions performed, such as
FN+VN+LN521+COLIV on stiff PDMS, which produced a
loss of pluripotency of hPSCs at passage 3. This highlighted
the importance of scale-up studies to validate microarray data.
The other three conditions supported the expansion of
pluripotent hPSCs for over 10 passages, with increased
proliferation and pluripotency marker expression when
compared to traditional coatings Matrigel and Vitronectin.610

5.4.1.5. Cancer. Cancer diagnosis and treatment strategies
continue to be one of the most important medical challenges
to date. It has been described that changes in cellular
glycosylation, aberrant expression of glycosyltransferases,
glycosidases, and transporters render cancer cells with altered
carbohydrate profiles on the cellular surface. These changes
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can result in unique antigenic glycans called tumor-associated
carbohydrate antigens (TACAs). TACAs are useful clinical
disease markers, with important potential for early disease
diagnosis and for engineering targeted drug-delivery.611 One
such antigen is sialyl Lewis a (sLeA), which is used in
pancreatic cancer diagnosis as a cancer-stage indicator.521

High-throughput strategies also hold great potential for cancer
diagnostic and drug-discovery purposes. For example, recent
work by Amon et al.521 developed a generalizable approach
using high throughput strategies for the characterization of
structure and specificity of monoclonal antibodies against the
tumor-associated carbohydrate antigen sialyl-Tn. Site-specific
mutagenesis was employed to fabricate a library of possible
antibodies and probed against the cancer-related antigen,
determining quantitative glycan deposition on each spot. They
further characterized the binding site using nuclear magnetic
resonance, and used the experimental features collected to
generate a 3D-model of the antibody-glycan complex, which
was then further challenged through computational screening
against a human sialyl-Tn-glycome library for specificity.521

5.4.2. Bacterial Cells. Controlling the colonization of
materials by microorganisms has become important for a wide
range of settings, especially in the clinical and pharmacological
industries. In particular, medical devices (e.g., venous
catheters) can become colonized by bacteria, which can
grow to form what is called a biofilm.612 Biofilms are surface-
associated microbial communities that support robust growth
and improved survival of the individual bacteria, and can
increase their antibiotic resistance up to a thousand-fold in
comparison to their planktonic form.613 Since there is currently
no universal theory as to how bacteria interact with material
surfaces, high throughput technologies have been employed to
investigate the mechanisms behind the ability of certain
biomaterials to resist biofilm formation (reviewed in detail in
ref 612). The unified knowledge of bacterial-repellent and cell-
adhesive properties in biomaterials is the key to engineering
safe medical devices.
One of the first high throughput studies of bacterial

attachment was reported by Pernagallo et al.522 in 2011,
where they investigated attachment of the food-borne
pathogens Salmonella enterica and Escherichia coli onto a
microarray of 370 polyurethane and polyacrylate-based
polymers.522 GFP-expressing plasmids were transformed onto
the bacteria prior to the attachment study to streamline data
collection, and rich LB broth was used as the medium for the
overnight microarray-bacteria incubation. The bacterial bind-
ing to the polymers was determined on the array, and
separated into: High binding polymers (with the high-density
attachment of both strains), polymers for selective binding
(high-density attachment of one strain but negligible binding
for the other) and polymers repellent for both strains
(nonbinding).522 Results showed that polymers containing
methyl methacrylate (MMA), methacrylic acid (MA-H), and
2-(diethylamino)ethyl methacrylate (DEAEMA) were highly
successful in preventing adhesion of both bacteria strains.522

The highest-binding and the lowest-binding polymer were
further explored by coating on a coverslip, incubating with
both strains overnight, and analyzed the next day for bacterial
attachment and biofilm formation. The scale-up biomaterial
performance accurately replicated the microarray results.522

Hook et al.427 focused on polymers for medical applications,
specifically aiming at urinary catheter biomaterial design. 576
unique copolymers were tested in a two-generation microarray

setup against three different bacterial species; representing
Gram-positive (S. aureus) and Gram-negative (P. aeruginosa
and uro-pathogenic E. coli (UPEC)) pathogens frequently
found in medical device-associated infections; in conditions
replicating urinary catheter infection conditions (using artificial
urine).427 To assess the resistance of any given material to
attachment by diverse bacterial species and exposure
conditions, the authors developed a composite bacterial
attachment parameter called iota; the fluorescent intensity
per unit area from all three strains on each polymer and in each
condition was normalized to the maximum value on the slide,
and averaged over all three replicate to produce an estimate of
bacterial attachment.427 A high iota value meant high bacterial
attachment and therefore a poor biomaterial performance.
Polymers that were resistant to bacterial attachment were
identified, and correlation studies showed synergistic effects of
some monomers (found in 11 of the 96 copolymers).427 To
investigate the effectiveness of the polymer in vivo, control
(commercial catheter) and “hit” polymer-coated silicone
catheters were inserted subcutaneously into mice. After 24 h
the catheter lumen was inoculated with bioluminescent
Staphylococcus aureus. Immediately after inoculation, similar
bioluminescence was found in both samples. However, 24 h
later there was already a 10-fold reduction between control and
polymer-coated catheters, and after 4 days bacterial numbers
were shown to be nearly 2 orders of magnitude reduced in the
polymer-coated catheter surrounding area, including kidneys
and spleen.427

Follow-up work from Hook and co-workers441,614−616 has
expanded on this study to cover all facets of high-throughput
microarray technologies. Hook et al.441 in 2013 further
increased the combinatorial space accessible with available
off-the-shelf (meth)acrylate monomers, with 116 monomers
combined to create 1273 unique polymers tested in 3
generations of microarray designs.441 Hook and co-work-
ers475,614,617 also extensively mined the large microarray data
sets generated to investigate the correlation between polymer
chemical structure and biological response,617 and present
computational models for biomaterial-performance predic-
tion.475,614 Dundas et al.616 focused on optimizing the
biomaterial hits to increase their coating potential and adapt
them to the desired biophysical properties of the biomaterial
for a biomedical coating, such as the optimal flexing fatigue
required for catheters. A recent study by Hook and co-
workers615 presented a clinical trial report to evaluate bacterial
attachment and biofilm formation on a urinary tract medical
catheter coated with a synthetic polymer identified by
microarray high-throughput methodologies. This first in-man
pilot study evaluated 10 polymer-coated catheters against 12
commercially available silicone catheters, allocated non-
randomly for bladder management after urethral reconstitu-
tion. Biomass and biomineralization were quantified, showing a
reduction in biomass on polymer-coated catheters compared
to uncoated conventional catheters, replicating in vitro data on
bacterial attachment and biofilm formation.615

5.4.3. In Vivo Studies. Preclinical trials are a crucial step to
investigate the foreign-body response and toxicity generated by
newly developed biomaterials. High throughput preclinical
testing can be useful to advance biomaterial development,
greatly reducing the number of animals needed for testing in a
cost-effective and ethically superior manner. Oliveira et al.605

developed this technique by implanting a microarray chip
containing 36 different scaffolds on Wistar rats.605 The
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microarrays were used to study the immune response by
analyzing lymphocyte recruitment at 24 h and 7 days after
implantation. The microscaffolds showed different inflamma-
tory responses, depending on their physical and chemical
properties. Moreover, histology analysis of the tissue
surrounding the microchip showed evidence of unique
inflammatory responses for each independent material. This
study, therefore, proved that microarray technology could be
used in vivo with sufficient resolution to distinguish biological
response differences between the different spots. However,
large scaffold areas were used within the microarray, reducing
the number of biomaterials that could be tested on one animal
to 36 combinations.
Recently, Vegas et al.618 developed a combinatorial

biomaterial library of alginate-based hydrogels that was tested
in vivo by using a rapid subcutaneous mouse model to measure
inflammation. From their library, 634 alginates were evaluated
as bulk hydrogels using an in vivo assay where multiple
implantations were performed per mouse on the dorsal surface
in an eight-array format, 0.8 cm paramedian to the midline and
1 cm between adjacent sites. The assay monitored subcuta-
neous events through an imaging agent that yielded increased
fluorescence in response to increased cathepsin activity, a
marker of immune cell activation. Each mouse was implanted
with a control unmodified alginate to serve as an internal
control for fluorescence normalization during the 7-day
imaging. About 200 hydrogels displayed lower fluorescent
levels than unmodified alginate. As an end-point assay,
Masson’s trichrome (MT) staining of tissue sections was
performed, and three modified alginates (Z2-Y12, Z1-Y15, Z1-
Y19) produced microcapsules with lower fibrotic growth over
the implant. The microcapsules were then implanted in the
intraperitoneal space of C57BL/6J mice to investigate if the
same lower inflammation was achieved in other tissue areas.
The same three lead materials showed almost no fibrous
deposition, all three containing a triazole function, which was
associated with the improved performance overall. The
performance of the rest of the chemistries varied significantly,
so it was hypothesized that the triazole modification may be a
versatile chemical space for biomaterial design in applications
that require reduced foreign body response. In line with other
studies,410 material chemistry strongly correlated with reduced
inflammation in this study. The materials were then separately
implanted intraperitoneally into nonhuman primates (n = 3
each) using a minimally invasive laparoscopic procedure to
investigate species-related effects and potential in human
clinical applications.618 The three “hit” materials showed
substantially reduced fibrotic response after 4 weeks compared
to the controls. This study showed a novel approach to
perform preclinical studies on large libraries of polymers. The
most promising alginate derivate (Z1-Y15) was later used to
generate an implant for the protection of glucose-responsive
allogeneic cell islets implanted in a nonhuman primate model
for 4 months. The hit materials maintained viable, glucose-
responsive cells for the entire time of the implant and showed
low foreign body response without the need for immunosup-
pression treatment.619

5.5. Future Perspectives

Cell culture in vitro inevitably involves the removal of the cells
from their natural environment and culturing them in artificial
conditions. Most used are 2D tissue culture plates or stripped-
down hydrogels with disproportionate volumes of media,

which necessarily dilutes secreted factors and alters cell
behavior. Scientists have been arguing for integrative
technologies that can control cellular environments at multiple
length scales, and help to replicate the natural extracellular
environment to generate cell populations more similar to their
natural counterparts for some years.620 Most of the studies
described in this chapter have used strategies with limited
automation, and focused on controlling mainly one specific
aspect of the microenvironment-cell interphase. However,
recent work has leaned toward multiparameter microarray
technologies and computer algorithms, to increase the output
value of these high throughput technologies. We speculate
three areas that will become of increasing importance in
coming microarray work.
First, multiparameter microarrays will improve to include

not only material chemistry or topography in the screens, but
the combination of these to exercise greater control over
cellular phenotype on solid biomaterials. Moving into the 3D
biomaterial strategies to control architecture and the screening
of these features with the full design freedom afforded by
additive manufacturing 3D printing approaches. 3D control is
already happening in hydrogel screens to a degree, with the
help of biomolecular cues. However, the incorporation of the
extensive current knowledge on the influence of chemical
structure in cell behavior has yet to be explored in combination
with topographical design, spatial distribution, and mechanical
forces.
Second, the incorporation of increased automation in

microarray technologies, ultimately with artificial intelligence
control over literature surveys, library selection, hypothesis
generation, and experimental control. It has been postulated
that machine learning algorithms and robotics are now
advanced enough to be efficiently incorporated in biomaterial
discovery.621 Vasilevich and de Boer621 recently presented a
theoretical robot called Toby and described the biomaterial
discovery flow that would be used in this robotic approach.
Toby would perform from the exhaustive initial literature
review to the final biomaterial optimization, if a well-defined
question or task was presented, and that all the required
materials and equipment was available to it. Although it may
seem far-fetched, the robot-assisted material discovery could
become a reality, with highly improved and unbiased data
generation, collection, interpretation, and optimization. In-
deed, the use of robotics has already reached chemical
discovery. Recently, the Cronin group has developed an
organic synthesis robot that can perform chemical reactions
and real-time analysis, as well as use machine learning
algorithms for subsequent decision making.622,623 The robot
Eve has already been used to discover drugs using only 10% of
the compound collection in closed-loop automation.624 This
platform is constantly testing new chemical combinations to
generate real-time data that is immediately analyzed and used
for more chemical reaction design and experimental testing.
Moreover, the data generated by the robot can be accessed in
real-time, and subsequently replicated by human scientists.
This successful automation of chemical processes opens the
door to robot-assisted biomaterial discovery, greatly increasing
the available material space for cellular applications.143

Finally, knowledge will be accumulated on the biointerface
by building on the library of understanding of cell−material
interactions and the resultant theory will be used to generate
universally translatable relationships across different material
classes in controlling cell responses that will include chemistry,
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mechanics, topography, 3D architecture and perhaps most
importantly biomolecular adsorbates. Ultimately, the success of
biomaterials research lies in the number of translatable
technologies that become adopted in the clinic. Therefore, it
is important that we keep striving to accurately investigate
biologically relevant models, and focus on their translation
potential. In section 9, the clinical translation from the high
throughput biomaterial discovery platforms will be reviewed in
more detail.

6. MICROFLUIDIC TECHNOLOGIES FOR
BIOMATERIALS DISCOVERY AND BIOINTERFACE
UNDERSTANDING

Microfluidics, a technology that manipulates fluids at small
scales (typically from 10−8 to 10−18 liters) in narrow (10−6 to

10−8 meters) channels,625 provides engineered and integrated
platforms for chemical, biotechnological, and biological
analysis applications.626 The development of fabrication
techniques to produce polymeric devices in the late 1990s627

opened a new paradigm in micrototal analysis systems (μTAS)
and lab-on-a-chip (LOC) technology, especially for biological
applications including chemotaxis,628−630 cell biophysics,631,632

DNA sequencing,633−635 and cell culture assay.636−638 Besides
benefits from a small volume, for example, low sample
consumption, fast analysis, and low cost, microfluidics offers
possibilities for high-throughput and combinatorial analysis by
parallelization, automation, and integration with gradient
generators,639,640,649,650,641−648 sensors,651,652 and actua-
tors.597,653,662,663,654−661 Also, microfluidic devices coupled
with various micro/nano-patterning658,661 and surface mod-

Figure 30. High-throughput microfluidic platforms. (A) Standard multiwell plate based-microfluidics. (a) Sliced tissue culture system for drug
screening. Reprinted with permission from ref 679. Copyright 2014 Royal Society of Chemistry. (b) Multiwell plate-based 3D cell culture platform
with 40 culture chambers. Reprinted with permission from ref 677. Copyright 2013 Royal Society of Chemistry. (c) A 384 hanging drop spheroid
culture array plate. Reprinted with permission from ref 680. Copyright 2011 Royal Society of Chemistry. (B) Microstructure-based cell culture
array. (a) Microfluidic cell culture unit for long-term cellular monitoring. Reprinted with permission from ref 636. Copyright 2005 Wiley-VCH. (b)
Microfluidic device containing thousands of cell traps for cell capture and pairing. Scale bar, 20 μm. Reprinted with permission from ref 705.
Copyright 2009 Nature Publishing Group. (C) Valve-assisted microfluidic platforms. (a) Integration of 96 parallel cell culture chambers on a chip.
Reprinted and modified with permission from ref 638. Copyright 2007 American Chemical Society. (b) Microfluidic living cell array. Reprinted
with permission from ref 728. Copyright 2007 Royal Society of Chemistry. (D) Droplet-based microfluidics. (a) Microfluidic channel array for
droplet immobilization. Scale, 40 μm. Reprinted with permission from ref 734. Copyright 2009 Royal Society of Chemistry. (b) Microfluidic
droplet printer for dispensing programmed combinations of cells and reagents on the substrate. Reprinted with permission from ref 737. Copyright
2017 National Academy of Sciences.
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ification techniques414 enabled to mimic and study funda-
mental cellular processes, including cell adhesion, proliferation,
and differentiation. Recent technical development in multilayer
device fabrication to construct 3D models offered new tools
that resemble complex microenvironments in nature for
studying physiological processes.664−670 In this chapter, section
6.1 will review microfluidic HTS approaches that have been
developed to improve efficiency and accuracy of data collection
and analysis, and section 6.2 will outline microfluidic systems
to recreate physicochemical stimuli and physiological/biomi-
metic microenvironments for screening cell−material inter-
actions.

6.1. Microfluidics-Based Screening Platforms Improving
the Throughput, Efficiency, and Accuracy of Data
Collection and Analysis

HTS, an experimental tool for the principal evaluation of a
target system with a large set of processes,671 provides an
enormous amount of information to address the requested
screening on material and parameter libraries.672,673 By
automation of the operations, miniaturization of testing, and
computational data processing, HTS enables fast analysis of a
massive number of samples not only for basic research in
biology and biochemistry but also in industrial, biopharma-
ceutical, and clinical applications.674,675 Indeed, miniaturiza-
tion of an assay platform is an easy and practical way to
increase the efficiency of HTS because it decreases the cost of
reagents and materials as well as decreases sample read-out
time. The most common HTS platform is a microtiter plate,
which comprises a series of wells with microscale volumes.
However, the surface to volume ratio increases according to
the decreasing reactor (i.e., well) size, which affects not only
the adsorption characteristics and stability of a target but also
the sample handling processes. Therefore, a better under-
standing of the fluidic phenomena in tiny volumes is required
to implement miniaturization successfully. Microfluidics has
been able to support HTS by exploiting the fundamental study
of the physical properties of fluids in a small volume and
engineering of essential components to control the fluids. This
section of the review will survey microfluidics-based HTS
approaches by classifying them into four categories based on
the integration concept of the technology used: (1) standard
multiwell plate based-microfluidics, (2) microstructure-based
cell culture array, (3) valve-assisted large-scale integration, and
(4) droplet-based microfluidics (Figure 30). Within each
category, we highlight recent microfluidic technologies that
combined multiple functions on the same platform toward a
fully integrated cell culture system.
6.1.1. Microfluidics Integrated Multiwell Plate for

HTS with High-Content Screening Equipment. Micro-
fluidic platforms combined with standard multiwell plates are
one of the promising approaches to improve the functionality
and efficiency of HTS.676 Also, the systems can address
practical issues in the commercialization of microfluidic-based
HTS, including user-friendly operation, full compatibility to
standard equipment, relevance to industry, and cost reduc-
tion.677 In microtiter plate-based microfluidics, a microfluidic
channel network replaces tubing and connectors thereby
significantly decreasing the consumption of reagents with
minimal dead volume. The accurate and reliable control of
fluids, for example, cell loading and continuous medium
perfusion, is achieved by the applied pressure678,679 and
gravity-driven flow.677,679 Lee et al. developed a microfluidic

cell-based assay compatible with a commercial 96-well plate for
cytotoxicity screening of HeLa cells.678 HeLa cells were loaded
by a modularized cell-loading manifold and long-term cultured
under gravity-driven perfusion. The process was semiauto-
mated by standardized instruments such as an incubation
chamber and a plate reader. Chang et al. further advanced the
concept and design to culture organotypic tissue slices for
screening chemotherapeutic drug activity (Figure 30A(a)).679

The system consisted of a microfluidic channel layer,
hydrophilic polytetrafluoroethylene (PTFE) porous mem-
brane, and multiwell plate. Fluids were delivered into open
wells via microfluidic channels and solutes were transported to
tissue slices placed on a PTFE membrane. After culture and
exposure to drugs, the tissues were collected for further
analysis with the membranes, and the platform was cleaned
and reused with new membranes. Besides 2D culture,
Sebastiaan et al. proposed an array of 3D cell culture chambers
incorporated in a microtiter plate format (Figure 30A(b)).677

The microfluidic titer plate included 40 culture chambers, and
three lanes of gels and liquids were patterned by phase guides
in each chamber. They demonstrated the 3D culture of HepG2
hepatocytes under perfusion, coculture with fibroblasts, and
invasion model using 4T1 breast cancer cells. Tung et al.
developed another concept of high-throughput 3D cell culture
array by adapting a hanging drop technique (Figure 30A-
A(c)).680 The authors fabricated a hydrophilic plate with 384
access holes, which could create cells-containing hanging
drops, and integrated with a 96-well plate based humidity
chamber for the formation and culture of A431.H9 spheroids
and combinatorial drug treatment.

6.1.2. Microfluidic Cell Culture Arrays. Microfluidic cell
culture arrays have shown the potential to create more
compact and comprehensive screening platforms with tiny
sample volumes, few orders of magnitude smaller than
conventional well-plates, by parallelizing microsized bioreac-
tors.625 Components and processes required for cell culture
and screening were constructed on a single microfluidic chip as
the concept of lab-on-a-chip. Microstructures were designed to
isolate cells from the cell suspension, and microchannels were
connected to the reactors for the continuous perfusion of
medium or delivery of other solutes. Because of the small size
of the microfluidic devices, it was not practical to make a direct
interface with conventional instruments; however, the progress
in microfabrication techniques allowed to manufacture and
integrate essential parts for cell culture, including heat-
ers,681−685 gas controllers,686−693 and optical monitor-
ing,694−697 with the devices. Overviews of internal/external
components to build up complete microfluidic platforms for
complex sequential chemical and biological processes were
given by Nguyen et al.,698 Oh et al.,699 and Boyd-Moss et al.700

The first microfluidic cell culture array for long-term cell
culture and monitoring was presented by Lee’s group (Figure
30B(a)).636 They combined 100 microfluidic culture units in
which multiple narrow side channels for perfusion surrounded
a culture chamber. In addition, a concentration gradient
generator, which will be discussed later, allowed for long-term
cell culture under 100 different conditions in parallel.
Following this development, the concept of microfluidic cell
culture array has been exploited to study drug-dose
response,637,701,702 cell growth dynamics,703,704 and cell−cell
interactions.705 Furthermore, microfluidic-based cell arrays
have been employed for single-cell analysis due to the
capability for the isolation of single-cells by microfabricated
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cell capture geometries.705−707 Over hundreds of microfluidic
single-cell capture units were easily parallelized to increase the
throughput capabilities in a reactor with relatively low
fabrication cost compared to other techniques, such as a
single cell micromanipulator708−710 or optical tweezer.711,712

An integrated channel network allowed further manipulation
and analysis on isolated single cells such as cell culture,713,714

drug dose−response,649,715,716 and DNA sequencing.717−720

Skelley et al. developed a device to trap and pair thousands of
cells by adapting microfluidic capture structures (Figure
30B(b)) and showed reprogramming in a hybrid between
mouse ECSs and mouse embryonic fibroblasts (mEFs)
through on-chip electrofusion.705 Interesting reviews on

single-cell analysis on microfluidic platforms were published
by Wyatt Shields Iv et al.721 and Hosic et al.722

6.1.3. Valve-Assisted Platforms. A microvalve is one of
the essential microfluidic components for the accurate control
of fluid flows, especially in a sophisticated design where
multiple reagents need to be manipulated sequentially.700 The
Quake group developed a monolithic valve, an elastic
membrane that enables fluid flow control in a channel under
applying pressure in an adjacent channel, by PDMS multilayer
soft lithography.723 The “Quake valve” allowed high-order
parallel integration of cell culture and stimuli control. Also, the
material properties of PDMS, being transparent, biocompat-
ible, and gas permeable,627 makes it applicable for various

Figure 31. Concentration gradient generation in microfluidic devices. (A) Chemical concentration gradient generation on microfluidic platforms.
(a) Microfluidic T-channel with two input fluids in a steady state. Reprinted with permission from ref 743. Copyright 1999 American Chemical
Society. (b) Gradient culture device. Reprinted with permission from ref 746. Copyright 2015 Royal Society of Chemistry. (c) Microfluidic channel
network to create the gradients of two dyes in solution. Reprinted with permission from ref 640. Copyright 2001 American Chemical Society. (d)
Microfluidic high-throughput cell-based assay. Reprinted with permission from ref 636. Copyright 2005 Wiley-VCH. (e) Multilayer microfluidic
device to create 3 replicates of 10 independent concentration gradients. Reprinted with permission from ref 650. Copyright 2013 Royal Society of
Chemistry. (B) Oxygen concentration gradient control in microfluidic devices. (a) Microfluidic device to formulate oxygen gradients by diffusing
oxygen through PDMS side walls. Reprinted with permission from ref 689. Copyright 2011 Royal Society of Chemistry. (b) Microfluidic oxygen
tension generator integrated with a sandwiched gas permeable membrane. Reprinted with permission from ref 691. Copyright 2013 Royal Society
of Chemistry. (C) Multiple gradients formation. (a) Microfluidic cell culture platform capable of generating chemical and oxygen gradients.
Reprinted with permission from ref 749. Copyright 2014 Royal Society of Chemistry. (b) High-throughput photodynamic therapy (PDT)
screening chip. Scale bar 5 mm (right). Reprinted with permission from ref 751. Copyright 2014 Royal Society of Chemistry.
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studies ranging from cytotoxicity analysis724 and single-cell
imaging725,726 to stem cell differentiation638 and mammalian
cell transfection.727 Figure 30C(a) shows a fully automated
microfluidic cell culture array for quantitative measurements of
the influence of transient stimulation on cell motility presented
by Gomez-Sjoberg et al.638 The integration of a peristaltic
pump, chaotic mixers, and 96 culture chambers enabled the
monitoring of human mesenchymal stem cell (hMSC) culture
and osteogenic differentiation under unattended stimulation
for a week. King et al. developed a microfluidic real-time gene
expression imaging platform using another type of microvalve
arrays to control row-seeding and column-stimulation (Figure
30C(b)).728 Their microfluidic platform consisted of a 16 × 16
array of cell visualization chambers and pneumatic valves to
control cell seeding and chemical stimulation configurations.
An excellent overview on large-scale microfluidic integration
was published by Melin et al.729

6.1.4. Droplet-Based Microfluidics. Droplet-based mi-
crofluidics has great potential in the HTS of soluble contents,
including biomarkers and DNA/RNA.730,731 Droplet reactors
offer dimensional scaling benefits that enable to reduce sample
volume resulting in a significant reduction in cost. Advances in
technologies for droplet microfluidics such as monodispersed
droplet formation, high-speed manipulation, and compartmen-
talization enabled an increase in assay sensitivity and
throughput.732 By introducing the controlled encapsulation
of cells within droplets, Edd et al. demonstrated the potential
of droplet microfluidics in a cell-based screening assay.733 An
example of cell culture in droplets was given by Schmitz et
al.,734 who developed a microfluidic channel array to
immobilize thousands of drops containing cells for monitoring
growth rates of single cells (Figure 30D(a)). Beside on-chip
incubation, the concept of modulized microfluidics which
stored droplets in commercially available flexible tubing was
proposed to provide easy accessible quantitative statistical cell
assay by Trivedi et al.,735 and Baraban et al.736 The droplet-
based microfluidic platform was further advanced by Brouzes
et al., who adapted an optically coded droplet library for high-
throughput cytotoxicity screening. Recently, Cole et al.
developed a fully integrated droplet printing system by
coupling single-cell encapsulation, fiber-optic detection,
electric sorting, and printing an oil moat substrate (Figure
30D(b)).737 They presented on-demand printing of cells and
reagents in deterministic combinations to construct a large
number of single-cellular and multicellular libraries. Pro-
grammed combinations of cells and reagents were printed on
the substrate by additive droplet manipulation with a laser-
guided printer head. The technical developments in droplet
microfluidics were reviewed by The et al.738 and Solvas et
al.,732 and overviews of recent applications of droplet-based
microfluidics were given by Guo et al.730 and Mashaghi et
al.731

6.2. Microfluidics Recreating Physicochemical Stimuli and
Physiological/Biomimetic Microenvironments for
Screening Cell−Material Interactions

Besides the highlighted advantages for HTS based on its small
scale, microfluidics offers beneficial opportunities to design
sophisticated microenvironments for multifunctional screening
by applying various physicochemical cues in a spatiotemporally
controlled manner. Deep insights into the fundamental physics
of microfluidics and advances in microfabrication techniques
enabled a robust chemical gradient generation and dynamic

physical stimulation, alone, or even in combination, to study
cellular responses to direct or indirect stimuli. Moreover, three-
dimensional compartmentalization allowed creating micro-
environments that resemble the natural systems for studying
physiological processes. This section will contemplate the
potential of microfluidic systems to generate physical and
chemical stimulations and recreate biomimetic microenviron-
ments for cell screening applications within four categories: (1)
chemical concentration gradients formed by microfluidics, (2)
mechanical stimulation generated by microfluidics, (3) micro-
fluidic 3D cell culture models, and (4) organ-like microfluidic
models.

6.2.1. Chemical Concentration Gradients Formed by
Microfluidics. One of the unique and most valuable
capabilities of microfluidic technology for screening processes
is handling and producing a stable concentration gradient of
soluble species. In most HTS applications such as cell culture-
based screening assays, significant numbers of molecules at
varying concentrations need to be tested to identify the
dynamic responses of target cells. In conventional micro-
fluidics, when two fluid streams flow together in a channel,
fluid flows are laminar and mix by diffusion only, without
turbulent mixing or thermal convection.739,740 Hence, addi-
tional techniques, such as chaotic mixers,741 rotary pumps,648

or acoustic mixers,742 are necessary to enhance the mixing
efficiency in microchannels. Nevertheless, solely diffusive
mixing in microfluidics enables the formation of well-defined
concentration gradients along with the interfaces between
multiple flow streams.
Figure 31A(a) shows a microfluidic chemical measurement

device designed by Kamholz et al.743 It combines two fluid
streams at a T-junction to flow alongside each other in a
microchannel. Since the two input fluids flow in a laminar
fashion, the width and length of the interdiffusive region
depended on the diffusion coefficients of two input molecules
in a steady state. Later, Ismagilov et al. visualized the solely
diffusive mixing behavior in the microfluidic channel in 3D
using confocal microscopy.744 Lucchetta et al. used the design
to control the temperature of two halves of an embryo for the
spatial and temporal regulation of embryonic development by
introducing two fluids, one heated and the other cooled down,
into channel.745 Somaweera et al. introduced 256 cell culture
chambers on the sides of the main channel in a microfluidic Y-
mixer to apply a concentration gradient in each cell culture
chamber (Figure 31A(b)).746 Two laminar streams flowed
along the main channel and mixed by diffusion, exposing cell
culture chambers, located orthogonal to the flow axis, to
different concentrations of reagents. The gradient range was
determined by the initial concentrations and flow rates of the
two input solutions.
Jeon et al. expanded the concept of T-mixer to generate

gradients of soluble species in solution by interconnecting
multiple T-junctions within a network of microchannels
(Figure 31A(c)).639,640 The microfluidic gradient generation
network was composed of multiple T-junction branches where
fluid streams were combined, mixed, and split. Solutions
containing different soluble species were loaded from ports at
the top of the device and flowed through the network to yield
distinct mixtures in each branch channel. The branches were
recombined to establish a concentration gradient in a single
cell culture channel to study various processes such as
chemotaxis642,643 and haptotaxis.644,645 The range and profile
of a concentration gradient were determined by the initial

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00752
Chem. Rev. 2021, 121, 4561−4677

4621

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00752?ref=pdf


concentration of solutions and the flow rates of fluid streams,
while the resolution of gradients could be adjusted by
increasing the number of branches.640

Hung et al. integrated the concentration gradient generator
with an array of cell culture chambers for high-throughput cell-
based assays (Figure 31A(d)).636 They split the gradient
generator channel into 10 branches. The branches were
connected to columns in the 10 × 10 cell culture array for 100
different cell-based screens under 10 various conditions. The
microfluidic HTS device enabled the real-time optical analysis
of long-term perfusion cell culture, including repetitive cycles
of cell proliferation and passaging. In recent studies, gradient
generators were applied in microfluidic 3D cell spheroid
culture platforms. This enabled high-throughput drug screens
on 3D tumor models.646,647

Microfluidic valves based on an elastomeric membrane
deflection have shown to be useful for controlling fluid flows in
a microchannel network with fast switching of flow
directions.638,723,729 Also, the valve system enabled to design
a microfluidic peristaltic mixer for enhanced mixing, and highly
integrated parallel mixers allowed to create a stepwise
concentration gradient.648,649 Kim et al. described the
integration of flow-switching valves with a gradient-generating
network to form 64 individual pairwise concentration gradients
in an array of 8 × 8 cell culture chambers.641 Figure 31A(e)
shows a microfluidic cell culture device for combinatorial cell
screening developed by Frank et al.650 Diffusion-based
gradients of platelet-derived growth factor, tumor necrosis
factor alpha, and lipopolysaccharide were controlled by
programmable flow-switching with pneumatic microfluidic
valves to generate 30 parallel gradients with 10 different
formulations, and 3 replicates for mammalian fibroblast and
macrophage cell screening. While the reagents and cells were

loaded and flowed through the culture chambers, pneumatic
valves allowed the control of fluid flows for the formation of
independent chemical conditions in the gradient chambers.
Oxygen plays an essential role in cell behavior and influences

a variety of vital biological functions such as metabolism,
homeostasis, and differentiation.747,748 Hence, oxygen concen-
tration control in in vitro cell culture is important to
reconstruct physiologically realistic microenvironments. Vari-
ous microfluidic devices have been developed to enable real-
time monitoring of cell response to the dynamic regulation of
gaseous conditions.687−693 To control oxygen concentration,
gases were delivered from pressurized gas cylinders into gas
channels and diffused to cell culture channels through a gas-
permeable membrane.687,688,690 Furthermore, chemical reac-
tions such as between sodium hydroxide and pyrogallol (for
oxygen scavenging) and between hydrogen peroxide and
sodium hypochlorite (for oxygen generation), were adapted to
control oxygen concentration without bubble generation and
medium drying caused by direct injection of gases.689,691,692

The oxygen gradient devices were fabricated in a single layer
design with a centered cell culture channel with neighboring
gas channels (Figure 31B(a)), or in multilayer architectures by
sandwiching a membrane between cell culture and gas supply
layers (Figure 31B(b)). Such microfluidic platforms enabled
high-throughput analysis of cellular responses to various
oxygen concentrations to investigate how cells adapt to
heterogeneous oxygen conditions found in physiological
processes.
Further advancements of microfluidic systems for combina-

torial and high-throughput cell-based screening were achieved
by integrating gradients of multiple microenvironmental
factors in a single device. For example, Chang et al. developed
a platform for anticancer-drug screening under various oxygen

Figure 32. Mechanochemical stimulation generated by microfluidic components. (A) Shear stress. (a) Cell culture array with a channel network to
apply a logarithmic range of shear stress. Reprinted with permission from ref 756. Copyright 2006 Royal Society of Chemistry. (b) Microfluidic
shear device with the channel embedded with ECM molecule-coated PDMS posts. Scale bars, 6 μm (right) and 20 μm (bottom left). Reprinted
with permission from ref 414. Copyright 2012 Royal Society of Chemistry. (B) Compression. (a) Compression device to evaluate differentiation of
hMSCs and hASCs toward osteogenesis under cyclic pneumatic force. Scale bar 100 μm. Reprinted with permission from ref 654. Copyright 2012
PLOS. (b) Microfluidic axon injury microcompression device. Scale bar 25 μm. Reprinted with permission from ref 762. Copyright 2011 Royal
Society of Chemistry. (C) Stretching. (a) High-throughput cell stretcher chip combined with 9 × 12 arrays of mechanically active culture units.
Reprinted and modified with permission from ref 597. Copyright 2010 Royal Society of Chemistry. (b) Microfluidic stretcher consisting of eight
stretching units with nanosized posts patterned actuation cavity layer. Reprinted with permission from ref 661. Copyright 2015 Nature Publishing
Group.
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conditions (Figure 31C(a)).749 They sandwiched a PDMS
membrane between a top layer for oxygen gradients formation
and a bottom layer for chemical gradients generation and
embedded a polycarbonate film in the top layer as a gas
diffusion barrier. Using the platform, they investigated the
effect of hypoxia-activated cytotoxicity of tirapazamine on
human lung adenocarcinoma epithelial cell (A549) apoptosis.
Liu et al. introduced a liquid−air dual-gradient device
composed of an array of the agarose liquid−air interfaces for
the biological evaluation of air pollutant effects.750 They
quantified the synergistic effects of cigarette smoke dose and
the inflammatory level of A549 lung cancer cells on cell
viability. Lou et al. developed a high-throughput photodynamic
therapy (PDT) screening platform by integrating individual
controls of photosensitizer concentration, oxygen level, and
light influence for evaluating the anticancer efficacy of PDT
drugs (Figure 31C(b)).751 Using the device, they demon-
strated PDT efficiency assays on C6 glioma cells for over 324
various conditions within an hour.
6.2.2. Mechanical Stimulation Generated by Micro-

fluidics. Microfluidic HTS platforms have become an
attractive tool for the study of mechanotransduction by
providing the precise control of mechanical stimuli and the
real-time monitoring of cell response in parallelized cell
cultures.752 Mechanotransduction is the process by which
cells sense mechanical stimuli either exerted by the mechanical
properties of a material or via motion or pressure, and convert
them into intracellular biochemical signals inducing responses
in cell behavior. The mechanical inputs are not originating
from material properties, for example, shear stress, compres-
sion, and stretching, start the process, which results in the
biological output, including protein secretion, cell migration,
and cell differentiation.753,754

In the past decade, various microfluidic devices were
designed to study the effect of continuous shear stress755−759

and shear stress gradients760 on adherent cell culture. Some of
these devices included parallel culture channels to generate
multiple shear stress levels for HTS.755−757,759 For example,
Kim et al. designed a channel network to form logarithmic
shear stress for monitoring qualitative perfusion-dependent
proliferation (Figure 32A(a)).756 They designed various
channel outlets to change the flow rates in the chambers,
and ABJ1 mouse ESCs were cultured under continuous
perfusion with logarithmically scaled flow rates. Moreover, the
integration of ECM molecule-patterned PDMS microposts
with a microfluidic shear device was engineered by Lam et al.
(Figure 32A(b)).414 The elastomeric micropost array function-
alized with fibronectin enabled to measure subcellular
contractile forces in the morphological realignment process
of human umbilical vein endothelial cells (HUVECs) under a
sustained directional fluid shear.
Recent developments in multilayer device fabrication have

allowed high-throughput and effective investigation on the
effect of planar loads on cell migration and differentia-
tion.653−655 The microfluidic designs included an elastomeric
membrane to apply compression forces on a layer of cells by
pneumatically actuating the membrane. Dynamic and cyclic
membrane deflection was obtained by coupling fast-switching
valves. Sim et al. developed a microfluidic platform that can
generate various amplitudes of compressive pressures in cell
culture chambers to induce the proliferation and osteogenic
differentiation of hMSCs.653 Park et al. advanced the
microfluidic model of mechanical stimuli-induced osteogenic

differentiation by expanding the number of cell culture units
(Figure 32B(a)).654 They designed an array of cell chambers to
culture adipose tissue-derived stem cells (ASCs) and hMSCs
on the same device concurrently for the comparison of their
osteogenic differentiation under dynamic compressive stim-
ulation. Kim et al. presented a microfluidic biomechanical chip
to monitor the viability of mammary gland epithelial (MCF7)
cells under controlled compressive loads. They showed a
potential use of the device for the mechanical lysis of cells by
evaluating the gradual rupture of cells according to elevated
compression pressures.761 Hosmane et al. used the membrane-
based microfluidic compression architecture to modulate
various pressure levels on single central nervous system
(CNS) axons for the quantitative characterization of axon
injury, degeneration, and regrowth (Figure 32B(b)).762 In this
system, an elastomeric injury pad was deflected by applying
pressure into a top microchannel and the contact pressure of
the deflected injury pad according to input pressure and
membrane thickness was calibrated by finite element modeling.
Recently, Ho et al. exerted cyclic compression at the single

cell level by patterning fibronectin islands to trap single cells in
compression chambers.655 Furthermore, the systems incorpo-
rating an elastomeric membrane have facilitated stretching of
cells cultured on the deformable substrate with a linear strain
profile.597,656−663 Membrane deflection was operated by
pneumatic,597,657−662 piezoelectric,656 and electromagnetic663

actuations to regulate cell adhesion and function such as the
change in morphology and orientation,656−660 nuclear protein
accumulation,597,661 and stem cell differentiation.763 Kamotani
et al. showed the alignment and elongation of human dermal
microvascular endothelial cells (HDMECs) and mouse
myogenic C2C12 cells in response to cyclic stretch, while
A549 human lung adenocarcinoma epithelial cells did not
respond to the stretch with a Braille display-actuated
microfluidic device.656 An excellent example of a high-
throughput microfluidic cell stretcher was presented by Moraes
et al. (Figure 32C(a)).597 They combined one hundred eight
stretching units on a device for applying cyclic equibiaxial
substrate strains with various magnitudes to small populations
of adherent cells and demonstrated the mechanical strain-
induced activation of the canonical Wnt/β-catenin signaling
pathway in cardiac valve mesenchymal progenitor cells. They
cultured primary porcine aortic valvular interstitial cells in a
static condition and under 3-h stimulation with cyclic substrate
strains of 3%, 8%, and 15% and showed the influence of
mechanical stimulation on the β-catenin accumulation in the
cell nuclei.
Furthermore, an advanced soft lithography technique

allowed to pattern the arrays of micro-658 or nanopillars661

on stretchable elastomeric substrates. Mann et al. micro-
fabricated a micropost array membrane device to measure the
live-cell subcellular contractile response of VSMCs to static
equibiaxial cell stretch,658 and Cui et al. used a nanopillar
patterned stretching membrane to separate mechanical force
effects from substrate rigidity effects in stretching-induced cell
spreading and proliferation (Figure 32C(b)).661 Also, inte-
grated microfluidic devices were proposed to investigate the
combined effects of flow-induced shear and solid mechanical
stresses on cell death and detachment in a microfluidic alveolar
model657 and in vivo-like endothelial cell alignment.662

6.2.3. Microfluidic 3D Cell Culture Models. In the past
decade, 3D cell culture techniques have been highlighted in
cell biology, tissue engineering, and regenerative medicine
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research, because cell function and tissue evolution, including
cell−cell interaction, proliferation, differentiation, and ECM
formation vastly differ between conventional in vitro two-
dimensional (2D) culture and the in vivo cellular micro-
environment.764−766 Recent advances in microfluidic technol-
ogy, together with developments in the field of natural and
synthetic 3D biomaterial matrices allow for the generation of
physiologically more representative in vitro 3D microenviron-
ments to study fundamental biological processes and cell/
tissue responses to different cues/treatments/materials. Bio-
compatible, ECM-mimicking hydrogels are most commonly
used as matrices in the microfluidic 3D culture systems. They
allow easy patterning with high resolution, and they are
amenable for cell encapsulation as well as an effective transport
of soluble cues throughout the matrix.767 Various hydrogels,
for example, collagen,664,665,670,768−770 gelatin,768,771,772 fi-
brin,668 Matrigel,669,670,773,774 agarose,767,775 HA,670

PEG,667 ,776 and poly(ethylene glycol) diacrylate
(PEGDA),777,778 were processed in microfluidic platforms to
design 3D microenvironments recapitulating natural cell−cell,
and cell−matrix interactions as well as to study responses to
soluble and insoluble, surface-bound factors. Largely, these
approaches are complementary with the ECM−hydrogel
systems as discussed in the HTS approach using array systems.
However, the microfluidic approach has the potential of
introducing other parameters as well be it in a less-high
throughput fashion with respect to material-cell interaction.
The 3D boundaries between the cell-laden hydrogel and
soluble species were constructed by compartmentaliza-
tion,664−670 patterning using sacrificial elements,768,771,773 and
molding.769,770,772,777

One of the most popular designs for the compartmentaliza-
tion of microchannels to create a 3D hydrogel-based cellular
microenvironment employs arrays of microstructures.664−668

For example, Toh et al. developed a microfluidic device
containing an array of micropillars to trap hepatocytes and
form a localized 3D matrix for in vitro dose-dependent 3D drug
screening to predict in vivo hepatotoxicity664 (Figure 33A(a)).
They separated a channel into three compartments by an array
of micropillars for trapping and culturing cells inside the pillar

array under continuous perfusion through the two side
compartments. 3D cocultures in compartmentalized micro-
channel networks generated using periodic microstructures
were also used for the formation of neuronal networks by Dinh
et al.667 and for the recreation of the perivascular niche by
Carrion et al.668 Recently, techniques to compartmentalize
microchannel networks without microstructures were also
developed to increase the contact surface area between ECM
and cells.669,670,677,779−781 Bang et al.669 described a micro-
fluidic approach to align neural networks to construct a neural
circuit in 3D, by using Matrigel aligned by a continuous fluid as
a guide (Figure 33A(b)). They aligned Matrigel in the middle
of the 3D cell culture system and demonstrated the network
formation between presynaptic and postsynaptic neuron
groups following the direction of Matrigel alignment. Vulto
et al.781 developed a phaseGuide technology that can control
the filling and emptying of microstructures using the meniscus
pinning effect. Trietsch et al.677 and Moreno et al.779

integrated the phaseGuide within cell culture channels to
pattern 3D ECM-like gels with a large cell−matrix interaction
area. Han et al.670 used butyl methacrylate-ethylene
dimethacrylate (BMA-EDMA) micropatterns as phaseGuide
to introduce 3D ECM-like gels into a microchannel and
evaluated their technique with various hydrogels including
COL1, Matrigel, HA, and cell-laden Matrigel (Figure 33A(c)).
The other attractive technique to construct hydrogel-based

3D microenvironments is patterning using sacrificial elements
such as gelatin structures768,771 and chitosan membranes.773 In
combination with soft lithography, the process enabled
patterning of various microfluidic channel designs inside
hydrogels (Figure 33B). Using this method, Baker et al.768

demonstrated the invasion of human umbilical vascular
endothelial cells into the 3D matrix in the presence of a
chemokine and growth factor gradient. Furthermore, advances
in photo-cross-linking techniques allowed the direct casting of
hydrogel on structured molds as well as bonding of two
patterned hydrogel parts to develop hydrogel microfluidic
devices.772,777 Cuchiara et al. presented a multilayer replica
molding technique to fabricate microfluidic PEGDA hydrogel
networks embedded within PDMS housing777 (Figure

Figure 33. Cell culture in 3D matrices in microfluidic chips. (A) Compartmentalization. (a) Microfluidic chip for hepatocyte 3D culture and
multiple drug testing. Reprinted with permission from ref 664. Copyright 2009 Royal Society of Chemistry. (b) Microfluidic device for constructing
a neural circuit in 3D. Scale bar 200 μm. Reprinted with permission from ref 669. Copyright 2016 Wiley-VCH. (c) Microfluidic 3D blood capillary
model using BMA-EDMA-supported hydrogel patterning. Scale bar 50 μm. Reprinted with permission from ref 670. Copyright 2018 Wiley-VCH.
(B) Patterning using sacrificial elements. Fabrication process to create microfluidic channels within collagen gels (top). Photos show a device
design, a fabricated device, and DAPI stained-HUVECs culture in the channel (bottom). Reprinted with permission from ref 768. Copyright 2013
Royal Society of Chemistry. (C) Molding. (a) Fabrication of PDMS/PEG-hydrogel microfluidic networks. Reprinted with permission from ref 777.
Copyright 2010 Elsevier, Ltd. (b) Schematic fabrication process of hydrogel microfluidic device by a twice-cross-linking technique. Reprinted with
permission from ref 772. Copyright 2018 Wiley-VCH.
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33C(a)). Nie et al.772 described a method to produce
hydrogel-based microfluidic chips using a twice-cross-linking
strategy (Figure 33C(b)). To evaluate the technique, they
investigated the bonding strength and surface morphology of
various combinations of hydrogels, for example, gelatin, gelatin
methacrylate, and alginate and demonstrated the formation of
endothelialized channels with the vascular function.
6.2.4. Organ-like Microfluidic Models. By exploiting 3D

cell culture systems, in the past few years, microfluidics-based
technologies have developed organ-like 3D models, called
organ-on-a-chip, to recapitulate particular biological architec-
tures and functions including the interface between different
tissues,782−784 regulation of presence/supply of biochemical
species,785−788 and physiological or pathological condi-
tions.789−792 The microengineered human in vitro models
allowed the characterization of the fundamental mechanisms of
disease etiology,790,793−796 cell differentiation,797−799 and
organogenesis798 in tissue- or organ-level contexts, benefiting
drug safety and efficacy screening and target identification and
promising to replace animal testing.782−784,793 The key aspects
for the construction of such biomimetic platforms, supported
by recent innovations in microfluidic technologies, include
coculture systems separated by ECM800−802 or a porous
membrane,782−784,791,792,797−799,803,804 well-defined dynamic
mechanical stimulations,782,783,798,799 and microcirculation
networks for accurate mass and nutrient transport.786,805,806

Advances in 3D gel-based microenvironments compartmen-
talized by microstructure arrays, as discussed in the previous

section, were expanded to construct interdependent organ
models such as blood-brain barrier,800,801 and neuron-on-a-
chip.802 Bang et al. presented a microfluidic network to
construct a blood-brain barrier by coculturing HUVECs with
cortical neural cells under independent perfusion of different
types of media (Figure 34A).801 The vascular network had a
permeability comparable to in vivo values and a high degree of
neurovascular interfacing between astrocytic endfeet and the
adjacent capillaries with the presence of synapses. Jang et al.
identified the electrophysiological properties of neurons under
repeatable activation in a microfluidic chip integrated with
microelectrode array measurements.802 The neurons were
arranged in a microgroove region within a cell culture unit that
was activated by a neurophysiology setup capable of optical
stimulation and electrical recording.
Moreover, porous membrane-based coculture systems have

been leveraged to incorporate endothelium−epithelium782−784

or air−liquid797 interfaces in sophisticated organ-on-a-chip
models. To mimic human biological barriers in more in vivo-
like architectures, epithelial cells from various organs, for
example, brain,803 oviduct,797,804 lung,782−784,807 intes-
tine,798,799 and kidney,791,792 were cultured and polarized in
a microchannel compartmentalized by a perforated membrane
while endothelial interconnection, chemical gradients, and
nutrients were provided from the other side of the membrane.
A PDMS membrane cast on micropillar arrays is one of the
most commonly used membranes in the organ-on-a-chip
platforms due to easy fabrication and deformability for cyclic

Figure 34. Microfluidic organ-on-a-chip models. (A) Microfluidics-based 3D neurovascular unit platform. (a) Design of the platform to create a
blood−brain barrier. (b) Fabrication steps to form the microfluidic blood−brain barrier. Reprinted with permission from ref 801. Copyright 2017
Nature Publishing Group. (B) Gut-on-a-chip microfluidic platform. (a) Device design with a porous stretchable membrane. (b) Comparison of cell
shape and polarity in a static Transwell model and the recreated gut microenvironment. Scale bars, 20 μm. Reprinted with permission from ref 798.
Copyright 2012 Royal Society of Chemistry. (C) 3D printed oviduct-on-a-chip platform. (a) Schematics of the device. (b) 3D cultured bovine
oviduct epithelial cells (BOECs) in the device. Scale bars, 25 μm. (c) Ciliated cells at the air−liquid interface during culture. (d) On-chip
monospermic oocyte penetrations. Scale bar, 50 μm. Reprinted with permission from ref 797. Copyright 2017 Royal Society of Chemistry. (D)
Multiorgan-on-a-plate system. (a) Multiorgan models and microfluidic circulatory networks. (b) Assembly of the device. (c) Evaluation of three
anticancer drugs in the four-organ system composed of the intestine, liver, cancer, and connective tissue models. Reprinted with permission from
ref 787. Copyright 2017 Royal Society of Chemistry.
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stretching;782,783,798,799,803,807 however, other types of mem-
branes, for example, polycarbonate,797,804 polyester,791,792 and
poly(lactic-co-glycolic acid) nanofiber784 membranes were also
adapted to provide smaller pore size and scaffold for 3D cell
culture.
Kilic et al. developed a brain-on-a-chip platform by the

fabrication of a mixed neuronal-glial cell population layer
interacting with a human brain microvascular endothelial cells
monolayer through a porous membrane.803 The micro-
fabricated model allowed the analysis of human neuronal
differentiation and cellular interactions between migrating
human neural progenitor cells and the adjacent brain tissues.
Huh et al. reproduced a functional interface between the layers
of human alveolar epithelial and microvascular endothelial cells
under air and fluid flow, as well as controlled cyclic mechanical
strain resembling human breathing motions.782,783 The
microsystem was explored to investigate nanomaterial
toxicology under mechanical strain-induced oxidation782 and
drug toxicity-induced pulmonary edema.783 The integrated
microarchitecture with a porous flexible membrane was
adapted to develop a microfluidic human intestine model by
Kim et al. (Figure 34B).798 They recreated a gut micro-
environment with intestinal villi structures in the microchannel
by applying shear stress and exerting cyclic strain on a human
intestinal epithelial cell monolayer. Recently Ferraz et al.
presented a 3D-printed oviduct culture device integrated with
a polycarbonate membrane for improving bovine embryo
production (Figure 34C).797 Bovine oviduct epithelial cell
culture at the air−liquid interface enhanced epithelial polar-
ization and differentiation, and in vitro fertilization (IVF) in the
reconstituted oviduct allowed monospermic oocyte penetra-
tions without the parthenogenic activation of oocytes.
Although this first oviduct-on-a-chip was a big improvement
in the field, the resins used for device 3D-printing were found
to release components toxic to developing embryos but not the
epithelial cells.808 Recently, an improved nontoxic oviduct-on-
a-chip fabricated out of PDMS has been created.804 The device
was successfully applied to perform an entire IVF process with
embryos cultured up to the blastocyst stage. Moreover, the
zygotes resulting from the oviduct-on-a-chip culture were more
similar to their in vivo counterparts than to conventional in
vitro zygotes, in terms of their global DNA methylation level
and transcriptome.
Engineering of functional microvascular systems has been

highlighted in organ-on-a-chip technologies not only for
creating in vivo-like microenvironments with biological barriers
between epithelial and endothelial cells782,783,803 but also for
probing the (blood) transport function of the cardiovascular
system809,810 and cardiovascular diseases such as atheroscle-
rosis793 and thrombosis.790,794−796 Zheng et al. described a
microfluidic early stage atherosclerosis model recapitulating
atherosclerosis-prone hemodynamic conditions.793 The athe-
rogenic responses of endothelial cells were recaptured in the
biomimetic system obtaining the antiatherosclerosis efficiency
of platinum-nanoparticles comparable to the values seen with
testing in animals. Zhang et al. developed a 3D bioprinted
thrombosis-on-a-chip model for thrombus formation by
infusing whole blood into a channel network coated with
HUVECs.790 Recently, microfluidic vascular networks were
proposed for integrating organ-on-a-chip modules into a single
circulatory system.786,805,806

Furthermore, the concept of multiorgan-on-a-chip has been
established by interconnecting various organ modules in a

physiologically relevant scale to reproduce organ−organ
interaction in the human body for mimicking the whole-
body response to drugs.788,811,812 Kamei et al. combined two
individual microfluidic cell cultures with an artificial blood
circulatory loop to reproduce the exchange of drug metabolites
between liver cancer cells and human heart cells for modeling
the cardiotoxic side effect of an anticancer drug.788 The
multiorgan drug screening system was expanded in a plate-
formatted microfluidic device by Satoh et al.787 who
demonstrated the evaluation of three anticancer drugs in
four-organ systems (Figure 34D).

6.3. Opportunities and Challenges

From the overview provided in section 6, it is evident that
microfluidic technologies offer promising tools for increasing
throughput, efficiency, and accuracy of screening of inter-
actions between biomaterials and cells, for the recreation of
physiological/biomimetic microenvironments including phys-
ical, chemical and mechanical stimuli, and complementary to
some of the other discussed techniques, for the formation of
complex 3D cellular models. Especially these 3D models will
be valuable for getting deeper insights into property-function
relationships of biomaterials in physiological-like microenvir-
onments.
In this context, an opportunity lies in combining micro-

fluidics with other HTS (material) platforms, such as gradient-
or array-based ones. This can be achieved by integrating
microchannels into the platforms,677−679 which enables
accurate fluid flow control for supply and removal of solutions
to HTS platforms, including seeding of cells, medium
perfusion and generation of gradients of soluble compounds.
The feasibility and success of integration are dependent on
advancements in microengineering and microfabrication
technologies. Methods like plasma-activated bonding,813

anodic bonding,814 thin glue layer deposition by micro-
stamping,815 and microchannel fabrication in a double-sided
tape816 are some of the recent developments that enabled the
robust assembly of microfluidic compartments onto various
substrates with 2D and 3D gradients.
While such integrated platforms hold the promise of

delivering synergistic models where the complexity of a
physiological-like microenvironment is combined with HTS,
they also present challenges regarding fast and reliable data
collection. For this, highly parallelized microfluidic chips can
be combined with various optical, mechanical, and electrical
sensing techniques. Data acquisition can be automated by
synchronizing, for example, imaging-based assays with the
device location. An alternative to sensor development and
integration is the control over temperature and gas environ-
ment on the platform, which enables (real-time) assessment of
cell behavior even using a general microscope. Such systems
can be built in-house; however, nowadays, increasingly more
combined operating and monitoring systems for microfluidic
devices are also commercially available. For example, Olympus
Co. (Tokyo, Japan), ibidi GmbH (Graf̈elfing, Germany),
OKOLAB S.R.L. (Pozzuoli, Italy), and Tokai Hit Co.
(Fujinomiya, Japan) provide stage-top incubation systems for
live-cell imaging with temperature and gas control, which allow
monitoring of cell migration, proliferation, and phenotypical
changes. Besides, other high-resolution analytical methods
such as surface-enhanced Raman spectroscopy,817 mass
spectrometry,818 and nuclear magnetic resonance spectrosco-
py819 have been combined with microfluidic platforms as
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alternatives to imaging techniques to quantitatively assess
changes in chemical or biomolecular compounds occurring
during cell−material interactions.
Despite the fact that microfluidics has emerged into a

powerful technology to study interactions between biomate-
rials and the biological system, and, more specifically, to use a
biomaterial (microenvironment) for the exogenous control of
cell fate decisions, it remains challenging to make microfluidic
models applicable for screening a variety of functional
biomaterials of all types including metals, ceramics, polymers
and composites thereof. Such materials do not meet the criteria
of transparency, gas-permeability, and processability that are
common to materials used for the fabrication of microfluidic
platforms such as PDMS. Therefore, their integration into a
microfluidic system and evaluation of their interaction with
cells and extracellular matrices poses challenges and requires
further development of microfabrication techniques and
adequate assays. Moreover, these functional materials dynam-
ically interact with the biological systems through protein
adsorption, degradation, etc., which makes it important to
study the level of miniaturization required to have them match
the on-chip microenvironment. The latter is a part of a greater
challenge, which is the validation of the predictive value of on-
chip cell−material interactions for the actual interactions that
take place in the body. While this challenge is not unique to
the systems discussed here and is applicable to all in vitro
models, the aspect of functional materials integration makes it
more complex and deserves particular attention in the years to
come.

7. CBIT AND HIGH-CONTENT IMAGING

7.1. cBIT

A major factor in terms of studying cell−material interactions
is the variance between different laboratories using not only
different material preparations and characterizations as a
biomaterial analogue, also the variations in cell types, culture
conditions, the specific type of cell behavior, and the analysis
approach. To truly come to the core parameters that drive cell
behavior, which is induced by physicochemical properties of
biomaterials or used biochemical stimulation, a more unified
approach and general comprehension needs to be created
concerning the complete development route and analysis
phase. This general comprehension can only be achieved when
data from various sources with defined analysis data and
biological approaches is shared and available for reuse. For this
purpose, cBiT60 has been created to facilitate the sharing of
results from the biointerface field ranging from various
methodologies for material preparation and characterization
as described in the previous sections as well as performing
generalized biological assessments, outcomes, and high-content
imaging in a standardized fashion, which is the focus of this
section.

7.1.1. Measuring Biological Outcome: Gene Expres-
sion. Measuring gene expression is one of the widely used
ways to evaluate how cells respond to biomaterials, because it
gives a snapshot of cellular activity at the molecular scale.
There are several methods by which gene expression can be
measured, and each has its advantages and challenges. In this
section, we will focus on the basic mechanism of gene
expression and the relevance of the different measurement
techniques. Furthermore, we will summarize gene expression
measurement tools, and how they have been implemented to
understand biomateria−cell interactions.

Figure 35. Cells receive stimuli from their surroundings, such as small molecules (1), the physical (i.e., surface topography, porosity, stiffness,
elasticity etc.) (2) and (bio)chemical (2) and surface (bio)chemical (3) properties of a material, and produce a response via signaling pathways.
The pathways can, in turn, lead to the production of transcription enhancers, such as transcription factors (4) that enable the expression of certain
genes (5). This gene expression can lead to different cell phenotypes (6) such as proliferation, differentiation, or cell death.
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7.1.2. Relevance of Gene Expression in Research.
Genes are the basic unit of the genome sequence, which
encodes a set of functional products, proteins, and ultimately
dictates cell phenotype and function. For this reason, gene
expression levels are measured in many areas of biological
research such as oncology820−823 and developmental biol-
ogy.824−827 In addition, gene expression levels have been
measured in biomaterials research to determine whether the
engineered biomaterial is capable of inducing stem cell
differentiation,828−830 or can support the phenotype of
differentiated cells for prospective tissue engineering applica-
tions.831−833 To make conclusions regarding the compatibility
of the biomaterial, researchers select specific “marker” genes
based on their scientific questions. Marker genes can be used
to identify cell types or cell phenotypes. For instance, ALP has
been used in bone tissue engineering to assess early osteogenic
differentiation.834 When the expression of ALP upregulated in
vitro, it indicates that the biomaterial has potential
osteoinductive properties in vivo. For some tissues, there is
more than one marker gene. For instance, in tendon tissue
engineering, the combination of the expression of three or four
genes, including scleraxis gene (SCX) and tenomodulin
(TNMD), are used to determine the tenogenic capacity of
the engineered biomaterial.835,836 Furthermore, marker genes
can be used to show the activity of a signaling pathway that
regulates the response of a cell to the biomaterial; and can
provide valuable insights into the fundamentals of cell−
biomaterial interactions.837,838 Hence, information obtained
from gene expression data can then be used to modify and
specifically tailor the biomaterial.
7.1.3. Regulation of Gene Expression. When a cell

receives signals from its environment, it can respond to it by
changing its shape and proliferation rate, differentiating into
another cell type, maintaining its phenotype, or dying. These
signals can be small molecules (Figure 35(1)), or the physical
properties of the material such as surface topography (Figure
35(2)), and surface (bio)chemistry (Figure 35(3)). They are
then transmitted to the nucleus through certain biological
pathways. In the nucleus, there are intermediary elements such
as transcription factors and enzymes, both of which regulate
gene expression (Figure 35(4)). Transcription factors are
transcriptional activator proteins that bind to the DNA
sequence, and stimulate the expression of target genes (Figure
35(5)). Enzymes, such as RNA polymerase, are involved in the
production of mRNA (mRNA) that can be considered as a
copy of the gene. Afterward, genes are converted into proteins,
and ultimately result in cellular response, such as proliferation,
apoptosis, or differentiation (Figure 35(6)). In the gene
expression regulatory machine, there are also repressors that
regulate the gene expression process by binding to a specific
DNA sequence or other transcription factors, and inhibit gene
expression.
Gene expression can also be controlled through epigenetic

regulation mechanisms, such as DNA methylation and histone
modifications. Measurement of DNA methylation (the process
of gene methylation) provides information on the epigenetic
makeup of a cell, which can indicate how the particular
biomaterial affects gene expression. For instance, Schellenberg
et al. investigated the DNA methylation profiles of
mesenchymal stem cells cultured on TCP or on PDMS.839

They showed that matrix elasticity does not have a major
impact on DNA methylation profiles, but that it influences
differentiation toward adipogenic and osteogenic lineage. This

information is vital, as it emphasizes the relevance of matrix
elasticity when designing a biomaterial with which cells will
directly interact. Similar to DNA methylation, histone (the
proteins in cell nuclei that DNA is rolled over) acetylation and
deacetylation are involved in gene expression regulation by
changing the accessibility of DNA to transcription factors.
Downing et al. reported that biophysical cues provided by
parallel microgrooves decreased histone deacetylase activity,
and therefore, lead to increased histone H3 acetylation and
methylation.840 They concluded that a change in cell
morphology is responsible for the modulation of the epigenetic
state of cells. Hence, understanding the regulation of gene
expression can help to manipulate cellular states or cellular
differentiation.

7.1.4. Methods to Measure Gene Expression. Since the
discovery of DNA, scientists have been developing different
methods to measure gene expression (Box 1, History of the
Measurement of Gene Expression Technologies). Each
method has advantages and challenges, but the selection of
the appropriate tool can provide valuable information. In this
section, we describe the commonly used gene expression
measurement tools, their advantages, and limitations, and
finally, give examples from biomaterials research.

7.1.4.1. Fluorescence In Situ Hybridization (FISH). The
presence of a biomaterial not only affects the gene expression
of the cells that are in direct contact with it, but also that of the
cells in the vicinity. It is, therefore, important to understand
gene expression in the context of the spatial organization of
cells within the tissue. FISH allows quantification of both in
vitro and in vivo spatial gene expression, which makes it a very
useful technique. For instance, Zreiqat et al. investigated the
expression of osteoblastic genes in hBM-MSCs that were
cultured on pure titanium and titanium alloy.841 They used
FISH to quantify the gene expression, and found that there was
an increase in the expression of osteoblastic genes on the cells
cultured on pure titanium and titanium alloy compared to
TCP plates. To confirm the validity of their results, they
performed quantitative immunohistochemistry to measure the
expression of corresponding proteins. Their results provided
initial information on how small differences in the surface
chemistry and structure of biomaterials can induce osteogenic
differentiation. Similarly, Knabe et al. showed the effect of
bioactive glass-ceramics on the expression of osteogenic genes
and corresponding proteins by performing Q-FISH and
immunohistochemistry, respectively.842 They reported that
glass-ceramics could be regarded as potential bone substitutes.
Maeda and colleagues employed FISH to evaluate the effect of
micropillar substrate, an important parameter in the materi-
obiology research, with varying height on the gene expression
of MMP-1 in tendon fibroblast and reported that 8-μm-height
micropillar is the most optimal compared to flat, 2 and 4 μm
height.843

Although it is a useful technique to study materiobiology,
FISH does have several limitations. First, the optimization of
samples, multiplexing, and the number of cells and materials to
be used in the detection all require a lot of time and effort.
Second, to detect the gene expression, histological slides are
prepared out of the material or tissue, and this requires extra
handling of the samples. Therefore, FISH is not as
straightforward as other gene expression methods. However,
this technique is very useful for identifying spatial gene
expression in particular.
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7.1.4.2. Quantitative Polymerase Chain Reaction (qPCR).
In materiobiology, qPCR is used to answer various biological
questions. In our recent study, we employed qPCR to measure
the expression of ALP, OCN, and OPN genes to identify the
surface topographies that can induce osteogenic differ-
entiation.566 Here, we reported that certain surface top-
ographies induce osteogenic differentiation more than others in
vitro; and these selected surfaces are capable of osteogenic
differentiation in vivo. In addition, qPCR can be performed to
understand and evaluate the initial biological response of a cell
to a material. For instance, Kato et al. investigated the gene
expression of Heat-Shock Protein (HSP) 70, 90, and 47 in HeLa
S3 cells cultured on different materials, such as TCP, silicone,
tetrafluoroethylene-hexafluoropropylene copolymer, and cellu-

lose.844 Their results showed that HSP 70mRNA can be used
as a marker for the investigation of cell−polymer interactions.
In another study, the same group investigated the expression of
the oncogenes c-myc, c-fos, and p53 (the tumor suppressor
gene) in human fibroblasts cultured on polymeric biomaterials.
They evaluated the carcinogenic activity of cells, and showed
that p53 is a very sensitive marker in the evaluation of the
carcinogenic potential of a biomaterial.845 Substrate stiffness is
another important parameter in the materiobology. To
elaborate its relevance, Forte et.al. executed qPCR to evaluate
neo-angiogenesis capacity of neonatal murine cardiomyocytes
on poly-ε-caprolactone planar layers with Young’s modulus
ranging from 1 to 133 MPa; and showed that softer substrates
induce an increase in the gene expression of alpha actinin and
myosin heavy chain.846

For practical reasons, typically 1−10 genes can be
investigated in qPCR. For this reason, marker genes are
predefined when performing qPCR. Another limitation of
qPCR is the fact that it does not provide gene expression data
with single-cell resolution. Therefore, when the marker genes
are not known, and gene expression in single-cell resolution is
desired, other gene expression methods are used.

7.1.4.3. Transcriptomics Technologies. Although using the
aforementioned tools to measure gene expression provides
useful data when marker genes are defined, using such methods
when marker genes are not defined is more challenging.
Transcriptomics has been developed over the last three
decades, and is more advanced in that it enables assessment
of the global gene expression. An advantage of implementing
transcriptomics technologies in biomaterial research is that it
enables the discovery of novel genes, and the identification of
target genes and signaling pathways. This information can then
be used to enhance the performance of biomaterials. In our
recent work, we investigated the influence of material
properties, such as microporosity and ion composition, of a
set of synthesized osteoinductive and noninductive calcium
phosphate ceramic materials on the transcriptomics profile of
osteogenic cells.59 Transcriptomics revealed the crucial role of
ECM deposition in osteoinduction, which is controlled by
surface topography and calcium phosphate ions.

7.1.4.4. Microarray and RNA Sequencing. DNA microarray
and RNA sequencing (RNA-seq) are the two methods used in
transcriptomics-based techniques. They provide mapping and
quantification of the whole transcriptome of cells. Microarray
relies on the hybridization of fluorescently labeled comple-
mentary DNA (cDNA) obtained from cells to complementary
DNA sequences on probes. In RNA-seq, adaptors are added to
cDNA fragments to allow recognition for each cDNA
fragment, and fragments with adapters are amplified. The
gene expression is determined based on the fluorescence
intensity. Microarray differs from RNA-seq in that it relies on
predefined DNA sequences, whereas RNA-seq sequences the
whole transcriptome of cells. Therefore, RNA-seq provides a
complete picture of the cell transcriptome, and increases the
likelihood of discovering novel genes. Given these reasons, a
microarray is being replaced by RNA-seq in transcriptomics-
based research.
Both microarray and RNA-seq provide transcriptomics data

belonging to a cell population; however, in some cases, it is
important to understand the gene expression profile of
individual cells. For such cases, single-cell RNA sequencing
(scRNA-seq) is used. It works in a manner similar to RNA-seq,
but instead provides the whole transcriptome of each

Box 1. History of the Measurement of Gene Expression
Technologies

History of the measurement of gene expression technologies
Ever since Rosalind Franklin, Francis Crick, James Watson
and Maurice Wilkins discovered the structure of DNA,
scientists have put their efforts to further understanding the−
secret− language of DNA. In 1961, Sydney Brenner and
Fran−ois Jacob discovered mRNA (mRNA). The same year,
Sydney Brenner and Francis Crick cracked the secret language
of the genetic code. In the following years, Phil Sharp and
Rich Roberts discovered the basis of introns and alternative
splicing. The same year, James Alwine, David Kemp, and
George Stark at Stanford University developed a technique
called Northern blot to detect the levels of gene expression by
using electrophoresis to separate RNA by its size, then
detected the signal with a hybridization probe that is
complementary to a target sequence. In 1980, Frederick
Sanger was awarded the Nobel Prize due to his discovery of a
method DNA sequencing. Also in the early 1980s, another
method called fluorescence in situ hybridization (FISH) was
developed. The method was based on using fluorescent DNA
probes to detect and target the specific locations on
chromosome or mRNA in the cell. Our understanding on
the complexity of DNA and gene regulatory networks
continued to expand dramatically when Kary B. Mullis and
co-workers invented the method called polymerase chain
reaction (PCR). Their invention was awarded with a Nobel
Prize for chemistry in 1993. Later, Russell Higuchi added a
fluorescent label that binds to the accumulating PCR product.
He reasoned that the intensity of the fluorescence signal has a
linear relation with the concentration of the PCR product.
This method is called qPCR and it is one of the most
frequently used techniques in the gene expression today.
Later, more established transcriptomics technologies have
been invented to measure the sum of all of the RNA
transcripts in cell. There are two key techniques that have
been used under transcriptome technologies: DNA microarray
and RNA sequencing. In principle, microarray determines
transcript abundance by measuring the hybridization of
fluorescently labeled transcripts. RNA sequencing (RNA-
Seq) sequences the whole transcriptome of a cell. The
advanced gene expression measurement technologies have
been used in molecular biology for many years to understand
how cells change at a disease state or how they respond to
certain chemicals and biomaterials. Understanding the
phenotype and function of a cell provides information about
the tissue, organ and organism itself.
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individual cell. This technology has been used in cancer
research847−849 and in developmental biology;850,851 however,
its use has not yet expanded to biomaterials research. scRNA-
seq can be extremely useful for understanding the influence of
biomaterials that possess heterogeneous structures, such as
gradient surfaces or surfaces with various surface chemistry or
topographical structures.
7.1.5. Transcriptomics in Biomaterial Research. As

mentioned above, the use of transcriptomics-based technology
in research has been growing. In 2000, there was only one
publication that included transcriptomics-based methods.852 In
2019, there are more than 50 publications. We divided the
most abundant topics into three categories: (1) 2D/3D culture
systems, (2) surface topography, and (3) titanium, which is
one of the most frequently used materials in the clinic and
biomaterials research.
7.1.5.1. Impact of 2D/3D Culture Systems on Cell

Differentiation. Herlofsen et al. investigated the chondrogenic
differentiation of hMSCs cultured on 2D and 3D environments
at different time points.853 They employed the Illumina
microarray platform as a transcriptomics tool and identified
1969 differentially expressed genes between monolayer hMSCs
and chondrogenic cells. With further bioinformatics analysis,
they highlighted the role of genes involved in the ECM and
transcription factors involved in ECM synthesis. Similarly,
Kumar et al. investigated stem cell response to a library of
scaffolds with varied 3D structures.854 Their transcriptome
analysis revealed that each type of scaffold induced a unique
gene expression signature. Furthermore, of each structure, only
the nanofibrous morphology induced osteogenic differentiation
of hBMSC in the absence of osteogenic supplements. Baker et
al. also adopted transcriptomics-based research to investigate
the influence of 2D and 3D culture of hBMSC.855 They
reported that 3D scaffolds induce the activity of TGF-β and
cell-adhesion/ECM-receptor pathways that can be used to
control hBMSC differentiation. In addition, Zhang et al.
performed RNA-seq, and reported that gene expression
profiles of endothelial cells and pericytes cocultured in 3D
were similar. However, in 2D culture, each cell type displayed
different vascular signatures.856

7.1.5.2. Influence of Surface Topography on Cell Fate.
This subject has been the focus of many research
groups;857−860 however, only a few studies have made use of
transcriptomics to obtain a broader picture of cellular response
to a biomaterial. For example, Dalby et al. investigated the
response of fibroblasts to microgrooved topographies to
understand the events taking place at initial cell contact with
the scaffold.861 In their study, they demonstrated that the
genes involved in cell signaling, cytoskeleton, ECM remodel-
ing, and DNA transcription are differentially expressed
between microgrooves and flat surfaces. The same group also
employed RNA-seq technology to understand the mechanisms
through which skeletal stem cells (SSCs) preserve their
multipotency or differentiate toward fibroblastic lineage.862

Their results indicated that activation of mitogen-activated
protein kinases (MAPKs) is involved in the control of SSC
self-renewal and differentiation. With a similar approach,
Abagnale et al. showed that different surface topographies
induce differentiation of stem cells toward osteogenic and
adipogenic differentiation.863 Furthermore, Darnell et al.
examined the effect of surface stiffness on the global gene
expression of mouse mesenchymal stem cells.864 They found
that stiffer hydrogels induce the expression of genes that are

involved in bone remodeling, cell-matrix adhesion, proteolysis,
and IL- 1 and androgen receptor signaling.

7.1.5.3. Effect of Titanium on Cell Phenotype. Titanium is
one of the most frequently used materials in the clinic.
Therefore, many researchers have focused on understanding
the interaction between cells and titanium surfaces. Ku et al.
investigated the effect of different titanium surface treatments
on the global gene expression of osteoblasts.865 They reported
that the expression of the genes involved in the regulation of
FAK and apoptosis depending on the metal ion release from
the surface. Similarly, Carinci et al. investigated the titanium-
cell interaction based on global gene expression profiling by
using a custom-made microarray called Human 19.2 K DNA
microarray.866 They reported that the titanium surfaces
induced a broad range of functional activities, including
apoptosis, vesicular transport, and structural function. Sim-
ilarly, in our recent work, we made use of microarray
technology to explore cell−biomaterial interactions to assess
and improve material properties.867 For this, we tested the
response of MG-63 cells to 23 different materials relevant for
bone regeneration. Our results showed the role of TGF-β and
WNT signaling in the cellular response to osteoinductive
materials and activity of FAK signaling in differential cell
adhesion kinetics.

7.1.6. Other Omics Technologies. Alongside tran-
scriptomics, proteomics and metabolomics are the two other
omics technologies through which cellular responses to a
biomaterial can be investigated. Proteomics allows protein
expression profiling, and enables identification of post-
translational modification events and subcellular localization,
and the relevant functional aspects of the proteome of cells.
Metabolomics is another omics technology, which provides
chemical fingerprints−metabolites−that specific cellular pro-
cesses leave behind. Alakpa et al. used supramolecular
hydrogels to target the range of stem cell phenotypes by
measuring the metabolites that they leave behind.868 On the
basis of their results, they identified the bioactive metabolites
that can target bone and cartilage formation. Proteomics and
metabolomics can also be used to generate complementary
information to transcriptomics data. Guerette et al. showed
how the integration of high-throughput RNA-seq with
proteomics accelerated biomimetic engineering.869

7.1.7. Current Standing and Future of Transcriptom-
ics in Biomaterials Research. Understanding the biology of
cells, their healthy and diseased states, and their response to
external signals, are the goals in both fundamental and applied
biology. Advancements in transcriptomics technology have
enabled the collection of the whole transcriptome of all cells in
a tissue or organ, which has significantly contributed to our
understating of cell biology. Given this, there are attempts to
gather transcriptome data in a consortium, and make it useful
for public research. One of the consortiums founded with this
purpose is The Human Cell Atlas.870 The Human Cell Atlas is
a collection of maps that describes and defines the cellular
basis of health and disease. This consortium benefits from the
technological power of single-cell profiling. For instance,
MacParland et al. created a map of cells in the human liver
by using scRNA-seq, and provided transcriptional profiles of
8,444 parenchymal and nonparenchymal cells.871 They further
identified 20 discrete cell populations by using gene expression
patterns, flow cytometry, and immunohistochemical examina-
tions. A similar approach was taken by Ledergor et al.,872

Vento-Tormo et al.,873 and Reyfman et al.,874 where they

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00752
Chem. Rev. 2021, 121, 4561−4677

4630

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00752?ref=pdf


revealed the transcriptome of different organs in healthy and
diseased donors. The Connectivity Map (CMap) data-
base875,876 creates a genome-scale library of cellular signatures,
and catalogs transcriptional responses to chemical, genetic, and
disease perturbation to accelerate the discovery of novel
therapeutics. Both CMap and The Human Cell Atlas benefit
from the collection of large data sets, which in turn informs the
research of its users.
Currently, there are several repositories that are used to

contain, curate, and maintain metadata, and raw and processed
transcriptomics data. The Gene Expression Omnibus (GEO)
database877 and ArrayExpress878 provide up-to-date raw and
processed transcriptomics data of various species. Once
downloaded, data is ready for further processing or analysis.
The cBiT is an open access online web tool that provides data
storage.60 In fact, it is the only repository that offers
biomaterial-based transcriptomics along with metadata of
materials, including the biological and technical properties.
Therefore, cBiT encourages both material scientists and cell
biologists all around the world to submit their transcriptomics
data to make it publically available. The fact that transcriptome
data and metadata of material properties is publically available
enables its application in the research of the wider scientific
community. Furthermore, comparing and combining the
transcriptomics data of different data sets opens the door for
the discovery of new materials. A paradigm shift from
traditional experimental sciences to omics-based sciences can
be achieved by combining the information from all the omics
data into one repository. When all these data are gathered with
the information coming from high content imaging, we will
have a better understanding of cellular response to materials,
enhance existing materials, and engineer new materials.
Therefore, the future of cell-based biomaterials research lies
in the collaboration, sharing, and interpretation of existing
data. When the biomaterials field follows the slipstream of

other transcriptome-based research present in other fields, the
discovery of new materials will be inevitable.

7.2. What Is the High Content Imaging?

High content imaging (HCI) refers to the microscopy-based
acquisition of a large number of images of single cells or whole
organisms following treatment with various perturbations,
chemical or genetic. Biomaterials are a special class of
perturbance that affects cells simultaneously by chemical and
physical cues, as was reviewed above. HCI is also interchange-
ably called High-Content Screening (HCS) with more focus
on throughput and typically includes a screening of more than
100 000 conditions; and High-Content Analysis (HCA)
sometimes refers to the analysis part of HCI.879 The “High-
Content”, part of the definition, implies that thousands of
properties are typically measured. This is in contrast to the
HTS, where usually only one parameter is assessed. The
exception is Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS) technology, which can also be considered as HCI
type approach applied by a different instrument. ToF-SIMS,
for example, is used for imaging lipids.880 The ability to
produce a significant amount of data is both the power and the
challenge of HCI.881

7.2.1. Applications of the HCI. HCI is applied when
conventional methods are not able to screen for a vast number
of parameter combinations and thus extensively used in both
drug discovery and cell biology. This allows screening, for
example, a library of small molecules that can consist of
hundreds of thousands of compounds.882 One of the key
advantages of HCI is that it produces rich data sets at a low
cost. What makes HCI different from any other HTS approach
is the ability to generate per cell data with high spatial
resolution. This advantage is widely used for assessment of the
functional gap junctions,883 neurite outgrowth,884 translocation
of proteins between cytoplasm and nucleus,885 expression of
differentiation markers by single cells,886 cell shape during

Figure 36. Comparison of the high-throughput and high content assay readouts as reviewed by Mercola et al.889
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epithelial to mesenchymal transition,887 internalization of the
proteins or vesicles882 or collective cells behaviors such as
wound healing.888 Another advantage of HCI is the ability to
visually inspect any tested condition and thus increase the
confidence of the outcome (Figure 36).
A typical readout of HCI is the expression of specific

markers, nuclei, and cell shape.890 Such setup allows single-cell
segmentation by using three fluorescent dyes for capturing.
Automatic microscopes used in HCI typically can image up to
five fluorescent channels, which allow assessing several
parameters simultaneously. For example, cytotoxicity and
expression of the protein of interest. Also, the predictive
power of a single measurement for some assays is not sufficient
to judge the statistical significance of the test. Therefore,
multiple parameters can be measured to increase confidence in
the results. Another application of HCI is screening cell lines
against a library of compounds that enable RNA knockdown or
protein overexpression.891 Such an approach is used in
studying pathways, or mechanisms of action of the disruptive
factors, and therefore can be used for studying the biological
activity of biomaterials.892

The examples reviewed so far belong to the screening type
of experiments. However, there is another type of HCI
application that is called profiling.893 The goal of the profiling
assays is to extract signatures of the cell state from the imaging
data. The idea is that compounds with a similar mechanism of
action also induce the same changes in cell morphology, which
can be captured by imaging. Cell painting assay was explicitly
designed for profiling purposes.476 It allows for imaging of
eight broadly relevant cellular components by using five
fluorescent channels. This approach was successfully applied to
group compounds based on their mechanism of action and was
proven to be more accurate than classification based on the
chemical structure.894 Profiling experiments can be used in
biomaterial research to find biomaterials with a unique effect
on the cells, or predict cell response to the new biomaterial
without thorough biological assays. For example, Figure 37
demonstrates how distinct single-cell profiles treated by two
different chemical compounds, as demonstrated by Caicedo et
al.895 Another example is a research done by P. Moghe and
colleagues, who were able to predict cell commitment to

osteogenesis based on the images of stem cells cytoskeleton
cultured on different coatings.896

Above, we have reviewed the general application of the HCI
to provide the reader with more insights in the type of studies
that can be done, below we will discuss HCI application in the
Biomaterial field that was done so far.

7.2.2. Overview of HCI Applications in the Biomate-
rials Field. Several biomaterial research groups already
recognized the power of HCI. What is typical for these
laboratories is that they used miniaturization as a means to
make their standard assays compatible with automated
imaging, which enables a high-throughput format.22

HCI enabled testing an unprecedented chemical space. For
example, Celiz et al. have developed a microarray that allowed
to identify materials that can support the culturing of the
human (PSC). As a result, screening was performed with 909
unique polymers, tested in 4356 individual assays, and
generated in three cycles of contact printed arrays. The first
generation consisted of the large library of the 141 (meth)-
acrylate and (meth)acrylamide monomers used to identify
homopolymers that could support hPSC. The second and third
generations were used to optimize copolymers by varying
homopolymers ratios and combinations. As a result, Ceiliz et
al. have identified the first synthetic polymeric substrate that
achieves both pluripotent hPSC expansion and subsequent
multilineage differentiation.409

Another example of the successful application of the HCI
approach is the TopoChip platform. It enables exploration of
the cell response to an extensive library of microtopographical
surfaces. In total, it contains 2176 unique topographical
structures; each of them is formed by arrays of pillars with a
fixed height of 10 μm. The shape of the pillars in XY projection
was generated randomly by the combinatorial mixing of three
primitive shapes: circles, lines, and triangles.455 Cells seeded on
the TopoChip and screened with HCI methods enabled
discovery of the topographies that, for example, promote
osteogenesis,566 form biomechanical niche,567 or control
ICAM-1 expression.897

Lutolf and colleagues used a liquid dispensing robot to
prepare hydrogel microarrays compatible with HCI format.
The approach allowed to systematically investigate the

Figure 37. Single-cell, treated with either floxuridine or etoposide, show distinct image-based signatures. Adopted from Caicedo et al.895
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combined effect of elasticity, proteolytic degradation, and
signaling proteins on the self-renewal of ECSs. In total, they
were able to simultaneously explore the effect of 1024 unique
hydrogel microenvironments, which allowed to broaden
understanding of multifactorial 3D cell−matrix interactions.450

Another example of the HCI screening platform that allows
systematic exploration of the cell−biomaterial interaction is
gradient surfaces. Such platforms allow assessing continuous
material properties on cell behavior and are less prone to
variations as it allows us to control for systematic error. For
example, Zhou et al. developed a nanotopography gradient on
a PDMS substrate by applying a unidirectional strain during
surface oxidation by air plasma. The obtained platform was
used to investigate how topography aspect ratio affected
osteoblasts adhesion. This experiment allowed to discover a
nonlinear relationship between cell adhesion and aspect
ratio.34 In another study, Zhou et al. were able to combine
orthogonal double gradient, effectively combining surface
stiffness and wettability. They discovered the nonlinear effect
of stiffness and wettability combination on a broad range of the
mesenchymal stromal cells properties such as adhesion,
spreading, nucleus size, and vinculin expression.146

Below we will outline typical steps that should be considered
during HCI setup with biomaterials. The general HCI outline
was proposed by M. Boutros et al.890 (Figure 38).
On the basis of the type of the assay, biomaterial screening

platforms can be classified into three groups:

• 2D platforms. Examples of such platforms can be
polymer microarrays, reviewed above, and in Section 5.
One of the challenges with imaging such arrays is the
autofluorescence of the polymers. What complicates the
matter is that different polymers can have autofluor-
escence in different fluorescent channels. We will discuss
a solution for this later in this section.

• 2.5D platforms. 2.5D substrates typically refer to
platforms that have repeating isotropic architecture in
the third dimension, in the micrometer range.898 One of
the examples of the 2.5D screening platform is the
TopoChip. The challenge of such platforms is that cells
can either be confined between pillars or located on top
of them, depending on the density of the posts, affecting
the shape and size of the cells. Another challenge is the
different density of the pillars that can distort light
differently and affect background intensity.

• 3D platforms. Here, cells are cultured either in the
hydrogels or as spheroid cultures. Such platforms offer

Figure 38. Workflow for assay development and image analysis for HCI, proposed by Boutros et al.890
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several challenges for the HCI, such as the homogeneous
distribution of the immunofluorescent antibodies inside
the 3D material, autofluorescence, transparency, thick-
ness, and density. A recent review covers the basic setup
of organoids in HCI imaging.899

Some biomaterial platforms are not compatible with imaging
technology, for instance, 3D printed scaffolds from non-
transparent polymers.

7.3. Experimental Design of HCI Screening

7.3.1. Assay Optimization and Development. During
the development of the biological assay for HCI, it is important
to remember the GIGO principle, which stands for “garbage
ingarbage out.” It emphasizes the fact that the quality of the
obtained results will not be better than the quality of the
data.900 It is easier to improve the quality of the data during
the assay development step than during the analysis. Therefore,
an adequately developed assay is an essential part of any
successful HCI experiment. Typical assay optimization for the
HCI includes optimizing cell culturing, staining protocols, and
testing them in high throughput format by running a screening
pilot.901 Here we will focus on challenges specific to the
biomaterial field. We want to emphasize again that the quality
of the assay will affect imaging and data analysis; therefore, it
requires appropriate expertise.
HCI is based on converting light emitted by excited

fluorescent tags/compounds to a digital image. These
fluorescent tags coupled to antibodies or fluorescent chemicals
can specifically bind to the molecules proportionally to their
amount.902 Different fluorophores can be excited and emit the
light of a specific wavelength, the property that allows
decoupling different cell measurements in the same experi-
ment.
The light coming from the target is called signal, and off-

target noise contributes to the background. During assay
development, one of the goals should be to increase the signal-
background ratio.903 The application of HCI to biomaterial
research is complicated by the autofluorescence of many
materials. This is a phenomenon when a substance or material
emits light upon excitation without the addition of a specific
fluorescent label or marker. The first rule is to avoid using
fluorescent dyes that emit the same wavelength as the material
of choice. It is not possible when screening includes a library of
different materials that have different emission profiles. One of
the promising solutions to overcome material autofluorescence
was proposed by Berezin and Achilefu, who suggested using
special fluorophores with an emitting lifetime longer than of
the materials.904 Another solution can be adopted from
histology, where treatment with various chemical agents such
as ammonia-ethanol, sodium borohydride, and Sudan Black B,
are commonly used to reduce tissue autofluorescence.905

Viegas et al. further improved autofluorescence removal by
combining treatment with Sudan Black B and short-duration,
high-intensity UV irradiation in paraffin sections.906

Low-intensity, uniform autofluorescence can be eliminated
digitally by subtracting or spectral unmixing postacquisition.907

Besides, autofluorescence of the materials can be reduced by
applying optical techniques. For example, multispectral
imaging (MSI),908 or total internal reflection fluorescence
TIRF,909 but due to complexity, they are not very compatible
with high throughput format. Adopting these imaging
techniques to the HCI is under active development.910

Other sources of off-target fluorescence are cell culturing
medium and not properly washed out unbound fluorophores.
Some sources of background intensity are equipment-specific
and cannot be controlled in the lab, such as the offset of the
detector and light leakage from the excitation source.911 The
last two examples represent the systematic type of error and
will be discussed later.
Besides the problem of background intensity, critical

parameters to pay attention to are homogeneous cell density,
and staining quality. Typically, before starting the full screening
a pilot experiment should be performed, to ensure optimum
performance.890

7.3.2. Controls. Controls serve multiple purposes in the
HCI experiment. First, controls are used to judge the quality of
the assay. For example, if is not possible to distinguish positive
and negative controls, the chosen readout should be
reconsidered. Usually, positive and negative controls are
selected from the same compound classes as the screening
one, which is often not possible. For example, we cannot
choose topography as a positive control for a screening on
topographies if such studies were not performed before. In this
case, it is acceptable to select another type of compound, for
example, treatment with a chemical compound. However, the
intensity of the effect should be comparable with the
anticipated magnitude of the screening compounds. Positive
control with a strong effect will cause numerous problems
during data analysis, for example, during the normalization
step. When the screening is done in several batches, controls
can be used to normalize the data.
For excluding any effects with respect to the sample position,

the position of the controls should be random. However, this is
hard to implement practically.

7.3.3. Replicates. The number of replicates in the HCI
experiment depends on many factors. One of the elements is
the cost of the screening. The majority of the HCI experiments
are performed in duplicates, by introducing the third replica
the cost of the whole trial will increase by 50%. However,
adding more replicates is an efficient way to reduce the number
of false negatives without increasing the number of false
positives. The presence of sufficient amounts of replicates will
enable proper statistical analysis. If the phenomenon is
complex and differences are subtle, the number of replicas
should be enough to be able to test statistical significance.
Tools that allow taking all the variation into account and
estimate the number of replicas are proposed by Malo et al.912

7.4. Imaging and Image Analysis

7.4.1. Imaging of the Samples. 7.4.1.1. Automation. To
be able to image a large number of conditions, automatized
microscopy systems are used. Such systems are often equipped
with a motorized stage that allows precise placement of the
sample under the objective and rapid autofocusing but also
supports automatic handling of the plates. This allows for
producing images with maximum efficiency. Companies like
PerkinElmer and ThermoFisher are offering commercial setups
designed explicitly for high-content screening such as “Opera
Phenix” and “CellInsight”, respectively. At the same time,
many microscope brands, for example, Nikon, Zeiss, and Leica,
produce highly customizable instruments that can be
constructed to meet specific demands.

7.4.1.2. Programming. Microscopes used for HCI are fully
programmable. Customizable microscopes mentioned in the
previous section are enabled for high-throughput systems by
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using software such as “Jobs”, “Zen 2”, “LAS X”. The image
acquisition software is highly customizable and allows us to set
up different options such as the number and location of images
per sample, number of channels, autofocusing algorithm, and
many others.913 Even though the microscopes are program-
mable, it is possible to set them up without any knowledge of
the programming language because often they are utilizing a
so-called visual programming concept, where every function is
represented as a block, and for setting the microscope
instructions, it is sufficient to drag and drop all these blocks
together in the right sequence. Microscopes already have
presetup settings for most common tasks. The time required to
customize those settings for untrained cell biologists depends
on the complexity of the task. Depending on the microscope
and brand, companies might provide training, support, or
service for creating custom scripts. In the end, efforts spend on
customization will be paid off by time saved during unattended
automated imaging. Open-source software, such as uManager,
allows for programming the microscope directly from the data
analysis tools such as Matlab or Python. This allows unifying
image acquisition and data analysis and provides additional
possibilities for automation.
7.4.1.3. Autofocusing. Autofocusing is a critical part of

imaging as it directly influences the quality of the data. There
are different technical solutions to allow autofocusing.914 Some
of them are algorithmic, for example, using mathematical
transformations to identify in-focus images from a set of
images, acquired along the Z-axis;915 others are based on laser
focusing. The last is fastest, but at the same time, it fails to
work in multiple reflection interfaces, for example, between the
objective and the specimen, which is a case for a biomaterial
screening.916 It is critical to find the right balance between
image quality and speed. Therefore, the approach that permits
the fastest autofocusing should be preferred. Contemporary
microscopes allow customizing the imaging pipeline, which
permits finding this balance. For example, instead of
autofocusing for every image, one might choose to autofocus
every second image and use the focus plane from the previous
image as a focusing point. Such an approach can help to reduce
imaging time significantly without losing quality.
7.4.1.4. Type of Imaging. There are two types of imaging

that can be used with HCI. Most widespread is epi-fluorescent
imaging; it is based on exciting (shining light) the whole
specimen visible in the field of view. In parallel, a camera is
detecting all the emitted light. Confocal imaging was explicitly
designed to overcome this limitation, by using a specifically
configured optical path and excitation source, it can only
capture emission close to the focal point, a phenomenon called
optical sectioning.917 This allows capturing an image with
higher optical resolution and contrast. However, this comes
with a cost. Confocal imaging is slower; it requires a brighter
signal and can damage the sample.
The disadvantages of both methods can be overcome by

light-sheet fluorescence microscopy (LSFM). The fundamental
difference from traditional microscopes is that illumination and
detection of optical pathways are decoupled, allowing novel
illumination strategies.918 Imaging systems that are utilizing
LSFM for HCI applications in mind were recently
developed.899

7.4.1.5. Image Resolution. Image resolution directly affects
many parameters such as details in the image, speed of
acquisition, or the total size of the photos. It is crucial to
determine the right image resolution that suits the purpose of

the screening upfront. For example, if one is interested in the
analysis of the actin fibers, the resolution of the image should
be high enough to capture these finite elements, on the other
hand, if the goal is to see the only cell shape the resolution can
be lower.919

7.4.1.6. Bit Depth and File Type. Bit depth is a significant
parameter; it reflects the number of bits that span an intensity
range. Most of the microscope cameras are acquiring images
with 12-bit depth, allowing 4096 levels of intensity (shades of
gray). Note that most of the screens are only capable of
displaying 8 bits (256 shades of gray). As a result, not all
information is visible, and the 12-bit image is black upon
viewing in standard software. Some programs such as ImageJ
and IrfanView allows shrinking intensities range to 8-bit
images, allowing its viewing. During image acquisition, it is the
rule of thumb to use all the intensity range to allow better
separation between signal and background. However, it is vital
to avoid saturation of the signal; otherwise, best-performing
conditions will be indistinguishable.920

To avoid any image distortion, data should be saved in a
lossless format, which does not compress the data and allows
saving all the data without any loss such as tiff or png. Jpeg is
not a lossless file format. Microscopy brands often have
proprietary lossless imaging types, which may not be natively
supported by image processing software. In this case, images
can be converted to broadly supported tiff files.

7.4.2. Image Preprocessing. It is important to realize that
raw images from the microscope, regardless of the quality of
the assay will always contain some errors, which can be
systematic or random. That is why before image analysis these
errors should be corrected during a preprocessing step.
The systematic error is represented by the unevenness of the

intensity across the image. It is not uncommon to have more
than a 1.5-fold difference in intensity level within the same
image, caused by this type of error.921 It can result from
illumination field unevenness, variation in the output of the
light source, optical aberrations, and artifact presence in the
well or other reasons. The methods that allow correcting for
this type of error are called illumination, the background, or
flat field corrections. They can be fixed, either by subtraction
or normalization procedures. There are three types of
algorithms that allows background correction:

a. Prospective based on correction from the reference
images, which can be obtained by imaging a material
without cells. However, this approach contains several
disadvantages and rarely applied in HCI practice.

b. Retrospective single image method based on the computa-
tional estimation of the background separately for every
image. Nevertheless, the result can vary between images,
causing alterations in relative intensity level.

c. The retrospective multi-image method estimates correc-
tion function based on all images in the screening or
batch. It is the most robust method and allows
identifying the systematic error across all images.

Retrospective methods use a computational model to
calculate correction function that can be estimated using
smoothing, surface fitting, or energy minimization approaches.
The systematic error should be determined on per channel
level as different channels have different distortion patterns. In
the case when different materials have different autofluor-
escence levels, the background should be defined and
subtracted in the additional step. There are multiple computa-

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00752
Chem. Rev. 2021, 121, 4561−4677

4635

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00752?ref=pdf


tional tools available for this task, for example, Horvath and
colleagues developed CIDRE application: an illumination-
correction method for optical microscopy software.922 Singh et
al. proposed a method for illumination correction for HCI
implemented in CellProfiler software.923

7.4.2.1. Artifacts Removal. Artifacts are usually unspecific
fluorescent objects such as dust particles and can severely
disturb cell segmentation or can be analyzed as cells during the
analysis. Depending on the amount of the artifact, the image
can be excluded entirely, for example, based on the percentage
of the saturated pixels or using the computational approach
excluded during image analysis or right after.
7.4.3. Image Analysis Pipeline. The goal of the image

analysis is to extract information from digital images that
represent the state of the cells in every condition. Typically,
this kind of analysis is performed on per cell level. The group
of pixels represents every cell. The task of segmentation is to
identify single cells based on this information. Figure 39
sketches the main steps of extracting quantitative information
from the images.
7.4.3.1. Segmentation. Segmentation can be performed

using two standard methods.
Model-based: The researcher needs to choose an appropriate

algorithm and manually optimize parameters based on the
visual inspection of the segmentation results. Typically, the first
step is to identify the nucleus based on DNA staining and use
the results as seeds to identify the cytoplasm of the cell. The
model requires some parameters to be known upfront, such as
the typical size and shape of the nucleus. This type of
segmentation can be performed in software such as
CellProfiler921 or ImageJ.924

Machine learning-based: The researcher is training a model
that can find single cells and elements of the cells in the image.
The training is done by manually labeling parts of the cells on
the image and assigning them to specific classes such as the
nucleus and cytoplasm. Once the model is trained, it can be
applied to all the images. This type of approach can be
performed in free software such as Ilastik925 and Cells
Cognition.926 Such a method can be more straightforward
than model-based, but it requires a significant amount of
manual labeling.

Even though segmentation of cytoplasm and nucleus are
commonly performed, it is possible to segment any other
subcellular structures such as focal adhesion, actin fibers,
nucleoli, mitochondria, and others.

7.4.3.2. Feature Extraction. Once the separate objects are
identified, the next step is to extract measurements that are
often called features. Typically, there are four groups of
features:

• Shape-based: computed based on the outline of the
objects and consists of typical shape measurements such
as area, which is a number of pixels that can be fitted
within the object outline, the perimeter is the total
length of the outline, eccentricity is the elongation of the
objects and so on, see Figure 40 for an example.927

• Intensity-based: measured directly from pixel intensity
values and can be helpful, for example, for identification
of total protein amount per cell. They also include
simple statistics such as min, max, median, and mean
intensities per cell. The intensity that reflects the total
amount of marker is Integrated Intensity measurement,

Figure 39. Main steps to extract quantitative information from images.895

Figure 40. Scatterplot of cell silhouettes according to compactness
and elongation values. The cells indicated using black arrowheads
share similar elongation values and differ markedly in their circularity
and border complexity. As quantified by Bitar et al.927
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which is calculated by summation of all the pixel
intensities values and thus indicates not only average
intensity but also the entire area. By using Integrated
Intensity, it is possible to compare expression values of
cells that have different sizes, which is commonly the
case on topographical-based screenings.

• Texture-based: this metric quantifies spatial arrangements
of pixel intensities in the image. The periodic patterns in
the image can be found by applying the statistical
approach and mathematical transformations. Typically,
texture features can create a unique signature, but the
interpretability of these measurements can be very poor.

• Microenvironment or context-based: this type of feature
allows quantification of a spatial relationship between
objects. For example, the number of neighbors for every
cell, the location of the nuclei inside the cytoplasm to
name a few. Such features are useful in analyzing the
collective behavior of the cells.

Although there are only four most commonly used groups of
features, the total amount of elements in these groups can be
more than 200. Given that per condition, it is possible to
acquire a separate image per subcellular structure, in the case
of Cell Painting, the total number of features per treatment can
exceed a thousand.
7.4.4. Free, Open-Source Image Analysis Software.

There is plenty of free imaging analysis software available such
as ImageJ,924 CellCognition,926 Icy,928 and others. However,
the CellProfiler921 was initially designed to meet the image
analysis needs of the HCI screenings. The significant advantage
of CellProfiler is that it was intended for biologists and does
not assume any prior knowledge. Also, it supports plugins from
the popular image analysis software ImageJ. Therefore, it is
possible to use the advantages of both applications.
By means of programming, it is also possible to create an

image analysis pipeline by using specially designed libraries
directly in Python,929 R,930 Matlab,931 or Mathematica.932

7.4.5. Alternative Approaches for Analysis of Imag-
ing Data. Classical Image analysis pipelines based on object
segmentation and feature extraction is currently the most
popular method. However, alternative approaches exist.
One of the examples is PhenoRipper,933 which positions

itself as easy to use the HCI image analysis tool. It is utilizing a
segmentation free approach by splitting the original multiplex
image into blocks of pixels and perform feature extraction from
these blocks rather than individual cells. Mainly it analyzes
characteristic patterns of neighboring blocks and describes the
picture regarding occurrence frequencies of these patterns.
Another approach is based on convolution neural networks

(CNN). CNN recently gained popularity and became a state-
of-the-art approach in the image recognition field.934 Initially,
it was developed for recognition of handwritten text and
proved to be superior to all other methods.935 As was reported
by Caicedo et al., CNN is able to improve computation times
by at least a factor of 16× in comparison to CellProfiler.936

CNN is also a segmentation free approach. The CNN
algorithm has a multilayer structure that consists of nodes.
Nodes are the schematic representation of the nonlinear
transformation step and only nodes that are in adjacent layers
are interconnected And these connections depict data flow.
Layers can have an arbitrary number of nodes. The first layer of
nodes uses the intensity values of individual pixels as input. In
simple architecture, the last node outputs a probability that the

image contains the specific object. CNN can adjust itself
during training by modifying nodes.937

Moreover, Pawlowski et al. have shown that it is possible to
use generic deep convolutional networks to extract features for
cell morphological profiling. This approach is more accurate
and faster in comparison with currently used methods and
enables fully automated image processing without single-cell
identification.938 Besides, Lafarge et al. have demonstrated that
neural networks can be used for learning representations and
generating realistic single cell reconstructions, which can be
useful to gain better insight into cellular structure variations
that are driving differences between populations of cells.939

7.5. Data Mining and Quality Control

7.5.1. Image Quality Control. In HCI, it is impossible to
check the quality of all the images visually. Therefore,
automatic methods should be performed. The most common
problem is out of focus images. Assessing the log−log slope of
the power spectrum of pixel intensities has been shown to
perform well in measuring image blurriness in HCI. Its value is
always negative. Images that typically have values in the range
from −3 to −2 are in focus.940 However, it is advisable to
check images that represent the whole range to decide on the
threshold value to use. There is a potentially different source of
Artifact in the images. The advice is to perform different
metrics that can capture artifacts, and by using data, analytical
approaches find the best threshold value that will be able to
separate data with the acceptable quality. The rule of thumb,
always checks what kind of images are eliminated by filtering.
There is still a risk of removing unique phenotypes that are
different from the rest of the data but are not artifacts.
One of the most accessible approaches that can be utilized is

to use supervised machine learning, for example, implemented
in CellProfiler Analyst as was proposed by Bray et al.941 It is
based on training the model to capture a specific type of. The
disadvantage of this approach is obtaining enough examples to
teach the model.

7.5.2. Data Preparation for Downstream Analysis.
When the data are sifted through a quality control filter, they
should be prepared for the downstream analysis. Usually, in the
result data, features are represented as columns and single cells
as rows. First, it should be checked if any missing values are
present. Many analytical tools are not able to use data that has
missing values, in such cases, values can be imputed, or the
whole row or column can be removed from further analysis. If
data was collected in batches, it should be normalized by using
the batch normalization technique as reviewed by Caicedo et
al.895 The data also should be checked if any spatial biases exist
in the data. For example, it is well-known that edge effects
should be taken into account in HCI screening. After the data
are normalized, they should be scaled. Features usually are
represented by a different range of numbers. For example, the
cell area can range from tens to a couple thousand while
eccentricity from 0 to 1. If not scaled, some analytical
techniques can weigh the “Area” feature as more important just
because of the higher magnitude of numbers. Many analysis
procedures assume a normal distribution of the data, which
may not be the case. Data transformation can be used to make
it normally distributed. Not all features in the HCI results are
potentially useful for the downstream analysis. For example,
features that have near-zero variance and cannot be used for
distinguishing between conditions and can be excluded from
further analysis. The dimensions can be reduced even further
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by excluding features that are highly redundant and correlate
with each other. Examples of such features are Area and
Perimeter. There are more complicated dimension reduction
approaches that exist which have been reviewed by Li.942 It is
not uncommon to aggregate data by averaging per cell data to
per treatment. Finding medians of the feature per condition
was found to be a robust approach. Alternatively, the median
can be found per image, and then the average of those images
per treatment. Once the general data preparation pipeline is
executed, data can be used for downstream analysis. For
example, for finding unique phenotypes or correlations
between biomaterial properties and cell response as was
reviewed by Vasilevich et al.55

7.5.3. Challenges in the Analysis of the Imaging Data.
To be able to derive the right conclusions from the HCI data,
it should be thoroughly understood. There are known
problems that are inherent to all HCI screenings, such as
plate layout effects, interbatch variation, out of focus images,
materials autofluorescence, and if not addressed, can lead to
false conclusions.943 However, issues can be screening-
dependent. To identify the issues, it is advisible to assess the
raw images carefully. The next step is to come up with a
strategy to correct for them or take them into account in the
downstream analysis. Sometimes raw images can be in
complete disagreement with the data; this is possible if, for
example, segmentation went wrong. In such cases, saving
segmentation results and observing them in parallel to the raw
images will be very beneficial.
7.5.4. Visualizations and Computational Tools for

Data Exploration. It is not possible to spot all the issues by
investigation of the raw images. In this case, data visualization
techniques can be convenient, allowing understanding the data
better. For example, visualization of one of the features in the
form of a heat map that mimics the layout of the plate can
immediately show a plate layout effect. Boutros and colleagues
have developed HTSvis, a platform for interactive visualization
of the raw data, to perform quality control and assess screening
results.944

Commonly used dimension reduction techniques such as
principal component analysis (PCA) can quickly indicate the
batch effect or severe outliers, which can be artifacts or unique
phenotypes.945 To distinguish them, the raw image should be
observed.

Another handy tool in data exploration is interactive plots,
which are available in R and Python as reviewed by Perkel.946

By using this kind of visualization, it is possible to explore data
quickly and focus on data understanding, not the scripting.
Data exploration can be done in any spreadsheet program,

for example, Excel. The most significant disadvantage is that it
does not provide an opportunity to record all the data
manipulations and therefore, does not guarantee reproduci-
bility. Scripting based approaches, for example, by using most
popular tools such as R, Python, and Matlab, allow for
reproducing precisely the same results by rerunning code.947

Tools like R Markdown, IPython, or Jupyter notebook enable
sharing and discussing results with the noncomputational
colleagues by keeping scripts, detailed annotation, results, and
visualizations in one place. In the next section, we will discuss
in detail other computational approaches that are useful during
biomaterial discovery.

8. COMPUTATIONAL TOOLS FOR MATERIOBIOLOGY
AND BIOMATERIALS DISCOVERY

The amount of data created by HTS methods can be
overwhelming and biomaterial scientists might be faced with
questions like “Which are the best performing biomaterials?”
or “How do I analyze such a large set of data and what is
required for such analysis?”.55 The first part of this section will
give an overview of the computational methods that allow
finding patterns in cellular responses and make statistical
predictions on cell−material interactions. Importantly, the
biomaterial design space is very vast and continues to increase
as new discoveries are made, including material stiffness,
topography, chemistry, degradation rates, etc., which can also
be arranged in a combinatorial way. As such, even though HTS
methods allow us to screen thousands of materials in parallel,
these methods alone will not be sufficient to navigate the
enormous biomaterial design space.948 Recent developments in
computational power do allow, however, developing computa-
tional simulations that can test hypotheses and perform
experiments in silico, many orders of magnitude faster than real
experiments. The second part of this section will provide
insight into the powerful field of computational modeling and
how it can be used to advance the field of materiobiology and
biomaterial discovery.

Figure 41. Basic principles of data analysis: parametrization. The biomaterial is characterized by 9 features or descriptors whereas the cell response
is described by 6 features or descriptors in this toy example. m/z, mass to charge ratio; #C−O, number of C or O atoms; #Δ, number of triangles
present in a surface topography; #pits, number of pits present in a surface topography; gene A-B, relative gene expression versus a control; area, cell
area; aspect ratio, cell aspect ratio (length/width); fluorescent intensity, the fluorescent intensity of a marker of interest.
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8.1. Basic Principles

8.1.1. Basic Principles of Data Analysis. 8.1.1.1. Param-
eterization of Biomaterials. To use computational and
statistical tools for HTS data analysis, both the biomaterial
as well as the cell response (see section 8.1.1.2) need to be
characterized in a quantitative way. Defining and quantitatively
measuring parameters is also called parametrization where
parameters or features are defined as “a set of physical
properties whose values determine the characteristics of an
entity”.55 More specifically, possible parameters for biomate-
rials are (a quantitative description of) the chemistry,
adhesivity, wettability, mechanical properties such as stiffness,
elasticity, and hardness, electrical properties, degradability,
topography at the macro-, micro-, and nanoscale, etc. (see refs
63, 523, and 563 for an extensive list of biomaterial properties).
Note that many biomaterial parameters influence each other
and cannot easily be separated experimentally. Moreover, even
though many biomaterial properties are known to highly affect
cell behavior, describing the biomaterial properties in a
quantitative way is challenging and an increasing number of
advanced descriptors are continuously being developed. Here,
we give three examples of material descriptors: spectroscopy
descriptors, molecular descriptors, and surface topography
descriptors (Figure 41).
Spectroscopy Descriptors. Spectroscopy descriptors, that is,

features that represent the complete mass spectrum such as the
position and height of the ion peaks, are one of the ways
materials can be parametrized. Perez-Luna et al. used
spectroscopic measurements (from static secondary ion mass
spectroscopy and electron spectroscopy for chemical analysis)
and WCA measurements of 21 polymers to predict fibrinogen
adsorption and retention.949 Similarly, Urquhart et al. have
used time-of-flight secondary ion mass spectrometry (ToF-
SIMS) data, automated XPS, and WCA measurements of 576
copolymers to identify surface structure−property relation-
ships from large polymer libraries.523 Using principle
component analysis (PCA−see section 8.1.1.3) on the ToF-
SIMS data, polymer groups could be distinguished based on
their monomers. In another study, Taylor et al. used partial
least-squares regression (PLS) to relate ToF-SIMS data to
surface energy and investigate how the prediction accuracy
varies with the number of samples used to build the PLS
model.950

Molecular Descriptors. Molecular descriptors, which represent
a molecule in a mathematical form, have been first developed
in the chemistry field to derive quantitative structure−activity
relationships (QSAR) or quantitative structure−property
relationships (QSPR), that is, to predict the properties of
chemical compound based on their molecular structure.951,952

Several software packages such as the Molecular Operating
Environment (MOE),953 the CODESSA package,954

PaDEL,955 GRIND,956 and DRAGON957 can calculate the
molecular descriptors based on theoretical considerations.
Lewis et al. used 1D, 2D and 3D molecular descriptors to
describe a new library of amphiphilic macromolecules and
construct QSAR models for their antiatherogenic activity.958

They identified five key descriptors that were then used to
correctly predict the efficacy of three newly designed
amphiphilic macromolecules. Similarly, Bygd et al. used 36
molecular descriptors to relate in vivo macrophage polarization
to particular biomaterial surface chemistries.959 Using the
DRAGON and ADRIANA software, Epa et al. generated 68
chemically interpretable molecular descriptors and related

those to the attachment data of three clinically important
pathogens (i.e., Pseudomonas aeruginosa, Staphylococcus aureus,
and uropathogenic Escherichia coli).614 Interestingly, the use of
molecular descriptors rather than spectroscopic ToF-SIMS
data generated QSPR models of higher predictive power and
robustness.
Surface Topography Descriptors. In comparison with the

development of accurate molecular descriptors, far less work
has been performed on describing the surface structure or
topography of biomaterials. Anselme et al. have used fractal
dimension, in addition to classical roughness descriptors, to
describe the surface organization.960 Their work showed, based
on 180 samples, a lower proliferation of human osteoblasts on
less organized surfaces (i.e., the sand-blasted orthopedic
Ti6Al4 V alloys). Similarly, Wickens et al. used multifractal
spectra to investigate the effects of surface topography on
bacterial distribution.961 Interestingly, they showed that both
bacteria were influenced by surface topographical and chemical
effects, although Staphylococcus aureus appeared to be more
influenced by surface topography and Staphylococcus epidermi-
dis by surface chemistry. Another approach to characterize the
surface structure is to directly use the surface design
parameters. For example, Robotti et al. created 12 different
surface structures consisting of hexagonal pits, aligned in
hexagonal and squared patterns.962 As parameters they used
the diameter of the pits, the interpit distance, and the shape of
the pit pattern, although no further modeling was performed. A
more diverse set of surface topographies was developed by
Unadkat et al., who used primitives (circles, triangles, and
rectangles) to design 2178 different surface topographies
combined on a HTS platform called the “TopoChip” (see
section 5.2.1.2).455 Several predictors have been identified that
are able to reveal the effect of surface topography on cell
morphology,144 Oct4 expression in human induced PSCs,564

osteogenic differentiation,566 and epidermal stem cell differ-
entiation.568

Once all the parameters describing the biomaterial have
been selected, each biomaterial sample can be represented by a
feature vector, that is, the set of parameter values for that
sample. The size of the feature vector represents the
dimensionality of the feature space (9 in the toy example of
Figure 41). The set of all feature vectors, corresponding to all
samples in an experiment represents the input data matrix.

8.1.1.2. Parameterization of Cellular Responses. Similar to
the biomaterial, also the cellular response, the other side of the
cell−biomaterial interface, needs to be parametrized (Figure
41). Here, possible parameters include cell shape, gene
expression, cell differentiation potential, etc. As the measure-
ment methods need to be high-throughput compatible and
ideally produce a rich description of the cellular state by
producing multiple distinct measurements at the same time,
high-content imaging and gene expression analysis are two
widely used techniques. A detailed description of these
techniques can be found in Section 7. The set of parameter
values that describes the cellular state of a biological sample,
that is, gene expression values or fluorescent intensities,
represents the biological feature vector. The set of all biological
feature vectors, corresponding to all biological samples in an
experiment is the output data matrix, assuming that the cellular
response will typically be the output that needs to be predicted.
For example, Dhaliwal et al. used machine learning to link the
3D spatial organization of splicing factor SC-35, captured by
high content image analysis, to hMSC cell phenotype in three
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different 3D scaffolds (collagen hydrogels, salt leached
scaffolds and electrospun mats).892 More specifically, the 22
textural descriptors for the 3D SC-35 organization were
linearly reduced to a minimum number of eigenvectors that
accounted for 95% of the data variance by principal
component analysis. The predictive classification model was
made using J48 decision tree analysis in the Weka software.
8.1.1.3. Data Exploration. In some cases, HTS data will be

used to answer well-defined questions, such as finding which
biomaterial performs best and which biomaterial properties
relate to biomaterial performance (see section 8.1.1.4
below).963 It can also be interesting to explore the HTS data
(see Figure 42A for an instructive example) to find novel,
maybe nonintuitive, patterns in an unbiased fashion. For
example, which biomaterial groups induce similar cell
responses or, which cell morphologies are related to a
particular cell differentiation status? The challenge of finding
groups of biomaterials (or cell morphologies) can be translated
into finding clusters of data points that are close together. To
find these clusters of data points, the measurement results are
typically visualized in, for example, scatter plots (Figure 42B).
A scatterplot visualization is relatively straightforward for two
parameters (note that it is not known a priori which
parameters will yield informative plots), but plotting three or
more parameters simultaneously, which is common for
biomaterial and cell response descriptors, is not trivial. A
solution to this problem is to decrease the number of
parameters (dimensions) in such a way that the data can be
visualized but that the distribution of the data in the original

space is still maintained. In other words, plotting “transformed”
data points in 2D but making sure that the data points that are
close to each other in the original space are also close in the
transformed 2D space. The transformation from multiple
dimensions to two can be performed by various dimension
scaling methods such as principle component analysis
(PCA964), independent component analysis (ICA), multi-
dimensional scaling (MDS), and many others. The main
differences between these methods lie in how they decide
which parameters are important and how the multidimensional
set of parameters is distributed over a reduced set of
(combined) parameters.963 However, for all scaling methods,
the interpretation of the transformed, 2D results in terms of
the original parameters is difficult as the newly transformed
parameters (plotted along the x and y-axis) are complex
combinations of the original set of parameters. A detailed
description of these methods is beyond the scope of this
chapter, but we refer the reader to the following re-
views.965−967

Another way to explore HTS data is to group the data using
clustering techniques. K-means clustering and hierarchical
clustering are two common methods to find data points that
are close together. Briefly, first, the number of clusters (k) to
group the data points into is specified to initialize the k-means
clustering algorithm. Then the algorithm will randomly pick k
points as starting centers for the k clusters and assigns each
data point to the closest center. Next, the algorithm will update
the centers of each cluster to a new center point (based on the
assigned data points). This process is repeated until the cluster

Figure 42. Basic principles of data analysis: data exploration and statistical modeling. (A) Input and output data matrix. (B) Scatterplot of the
number of cells as a function of stiffness and WCA. Every sample is one data point. (C) Hierarchical clustering of the 6 data points into a
dendrogram. The dendrogram or tree can be cut at any height to determine data clusters. Cutting the tree at the highest level (dashed line) results
in 2 clusters (samples 1−3−6 and 2−4−5). Cutting the tree at a lower level (broken line) results in 4 clusters (samples 1−3, 6, 2−4, and 5). (D)
On the basis of stiffness, the data points can be classified into two groups: high # cells and low # cells. (E) Simple linear regression where the
dependent variable Y (here: the amount of cells) is predicted using the independent variable X (here: stiffness). (F) Classification of data points
into two classes (open and solid circles) with an underfitted (gray line), reasonable (black curve), and overfitted (dashed curve) decision
boundaries. The overfit is influenced by one black data point (arrow) and would classify a new point (blue dot) as a solid circle, which would
probably be an error. (G) Example of K-fold cross-validation with K = 5. Reprinted with permission from refs 55 and 972. Copyright 2017 Elsevier,
Ltd. and 2016 Nature Publishing Group.
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centers, or assigned data points, do not change significantly
from one iteration to the next. Note that the k-means
clustering algorithm requires some a priori knowledge on the
number of clusters, although this can be accommodated by
trying several values for k and quantifying cluster quality using,
for example, the silhouette coefficient (see refs 968 and 969 for
more information).
Hierarchical clustering uses a different approach to group

data points, that is, it iteratively groups the most similar data
points together into larger clusters, resulting in a tree or
dendrogram (Figure 42C). The clusters of data points can be
obtained by (arbitrarily) cutting the tree at a particular height.
Importantly, when interpreting the result of a clustering
algorithm, one should remember that the above clustering
algorithms will always generate a clustering result, even if there
is no real evidence for clusters in the data. As such, the
clustering results should be further inspected by visualizing
them with complementary methods such as a heat map or a
scatter plot.963 Besides the k-means and hierarchical clusters,
several other techniques have been comprehensively reviewed
by Jain et al.970 and Xu et al.971

8.1.1.4. Statistically Modeling the Relation between
Biomaterial Performance and Biomaterial Descriptors.
Ideally, the biomaterial performance can be predicted from
first-principles, that is, from known “physical laws” such as
quantum mechanics laws that allow to predict the molecular
structure from the molecular composition. However, there are
two main limitations to this modeling approach: (1) quantum
mechanical or molecular dynamics simulations quickly become
computationally impossible for large-scale systems, (2)
“physical laws” describing the relationship between biomaterial
properties and cell behavior are currently inexistent.963 To
solve this problem, statistical models are being developed that
explain the experimental results starting from sufficient
available data (top-down), in contrast to computational models
that start from known principles (bottom-up; see also section
8.1.2).
Model Choice. Finding a plausible model that explains the

experimental results, comes down to finding the function f in y
= f(x) with y the outcome measurement (e.g., cell response)
and x the input biomaterial parameters (features) using
training examples. Machine learning algorithms will use the
training examples to find a model that accurately predicts the
outcome measurement given the biomaterial features. This
phase of model development is also called model training. The
outcome measurement can be broadly specified into two
different categories: the outcome measurement is a continuous
value (e.g., the amount of bone, the fluorescent intensity of a
biomarker, the fold change of a gene) or it is a discrete value
(e.g., bone formation/no bone formation, differentially ex-
pressed gene or not). The machine learning algorithms to train
the first type of models are called regression algorithms
whereas the latter is called classification algorithms. The name
classification comes from the machine learning field where a
set of data points with a common label is called a class, for
example, the classes of high and low number of cells (Figure
42D) or low, medium, and high bone forming materials. In
other words, classification algorithms require labeled data, that
is, data points that belong to particular discrete classes, which
may be known from the experimental design or can be found
through clustering techniques (see section 8.1.1.3).
For both classification as well as regression, a wide variety of

algorithms is available depending on the required complexity

of the data. For example, the simpler algorithms such as linear
regression fit a linear regression function y = β0 + β1x1 + β2x2 +
. . . + βnxn to the data. More specifically, the algorithm will
estimate the βi values from the training examples that best
predict the outcome y (e.g., cell response) from the inputs x1,
x2, . . .xn (e.g., the biomaterial parameters) (Figure 42E). Note
that finding the βi values not only allows predicting the
outcome of novel biomaterials but immediately also sheds light
on the most important biomaterial properties contributing to
that response (i.e., the biomaterial parameters xi with high βi).
If necessary, more complex algorithms are available to model
nonlinear responses such as neural networks, decision trees,
random forests, and support vector machines,973−978 all
available in versions for classification (to predict a class) and
regression (to predict a continuous value).
Choosing the adequate algorithm and associated complexity

is difficult as potential nonlinearities or other relations between
input and output are not known a priori. Moreover, the model
choice is a balancing act between overfitting and generalization
(Figure 42F); a good model should be complex enough to
capture the underlying relations but simple enough so that it
has sufficient generalization power. In other words, a complex
algorithm with many degrees of freedom will perfectly
reproduce the training data responses but will fail to properly
predict novel data as it does not capture the true underlying
relations (overfitting). This can be compared to a student who
learned all the answers of a list of exam questions by heart
(overfitting on the training examples) but cannot correctly
answer to variations of these questions (generalization) as the
student does not grasp the underlying concepts or theory.963

To avoid overfitting one can increase the training set so that
the model is not able to capture the response of every
individual data point, forcing it to generalize. A large training
set, however, comes at a cost as it requires many experimental
data that are not necessarily available. Another solution it to
reduce the model complexity (less degrees of freedom) so that
the model cannot fit every parameter perfectly, again forcing
the model to generalize.
Model Testing. To test whether a model is sufficiently

generalizable, the predicted response of a model f(x) will be
compared with the real measured value y, for a set of data
points y and x that were not used during the training phase. To
maximize the use of the data points, cross-validation can be
used (Figure 42G). In this scheme, one splits the data into K
equally sized partitions. Then one partition is held out (test
set), the model is trained on the other partitions and the model
performance is calculated on the test set. This process is
repeated for each of the partitions and the overall model
performance is calculated by averaging the performances of all
K iterations. Other model testing techniques are discussed in
other works.979 To quantify the difference between predicted
and measured biomaterial performance, various measures exist.
For classification models, one typically uses accuracy, which
measures the number of correct class predictions, known from
the comparison between the predicted and the real class labels.
For regression models, where a continuous output instead of

a discrete class label is predicted, one can use the Pearson
correlation coefficient between the known and predicted
performances as a measure of performance.
Model Use. Once a (statistical) model has been build and

tested, a mathematical input-output relation has been found
and can be used for various purposes. First, the model
components can be investigated in more detail to improve the
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understanding of the underlying system. For example, a
(linear) regression function y = β0 + β1x1 + β2x2 + ... + βnxn
identifies which biomaterial parameters (xi) influence the
biological output (y). Moreover, the coefficients corresponding
to these biomaterial parameters (βi) highlight which
biomaterial parameters contribute most to the biological
output (i.e., the biomaterial parameters xi with high βi).
Second, the statistical model can be used to predict the
biological output of new biomaterials, given their biomaterial
parameters. For example, assume a model was built to predict
the amount of cell proliferation based on the following calcium
phosphate biomaterial parameters: type of calcium phosphate,
dissolution rate, crystallinity and water contact angle. The
model was trained and tested on various calcium phosphate
materials. Next we can use the model to predict the amount of
cell proliferation from the four above biomaterial character-
istics of other materials, for example, calcium phosphate
materials with new (untested) ratios of HA and TCP. Third,
the above example model can also be used to determine the
optimal dissolution rate that maximizes or minimizes cell
proliferation. Note that for the last two applications, prediction
and optimization, it is important to critically assess the model
results. More specifically, a (statistical) model is trained on a
particular data set, and thus its predictions are valid within a
particular parameter space. In other words, the predictions of
the above example model might hold well for all types of
calcium phosphate materials but might not extrapolate well to
polymers, which might require another data set or are
characterized by a different set of predictive biomaterial
parameters.
8.1.1.5. Statistical Analysis. Does a Biomaterial Property

Inf luence the Cell Response? One question that can be asked
when analyzing an HTS data set is whether the biomaterial
design significantly affects the biological performance, that is,
induces the desired cell response. For example, can we show,
based on the experimental data, that the biomaterial stiffness
has a significant influence on cell differentiation? Such
questions can be answered through a “one-way analysis of
variance” ANOVA test.980 More specifically, given the
assumption that the actual material performances of k materials
are equal (i.e., y1 = y2 = . . . = yk), the ANOVA test will
calculate a p-value representing the likelihood of measuring
material performance differences exceeding those that have
been observed.963 In other words, one tests whether the
variance in measurements can explain the observed perform-

ance differences. If the p-value is below a user-defined
threshold (typically 0.05 or 0.01), the equality assumption is
rejected resulting in the conclusion that there is a significant
material effect on the performance of (one of the) materials.
Importantly, a p-value above the user-defined threshold does
not imply that there is no material effect. The effect might be
hidden by other sources of (technical) variation. When the
material performance is expressed by multiple values, a
multivariate version of ANOVA, MANOVA, can be used.981

Does Material A Perform Better than Material B? To answer
this question, which determines whether one of the tested
biomaterials performs better than a reference or a control
condition, a Student’s t test can be used.982 This statistical test
determines for a particular material mi whether the hypothesis
that it performs equally well or worse than a reference material
can be rejected. Importantly, in a high-throughput setting this
test is performed for every material, leading to the multiple
testing effect. More specifically, for a single test, there is a
chance of finding a false positive result once in every 20 tests
(given a p-value threshold of α = 0.05). For single tests, this
error is typically accepted but when this test is applied to, for
example, 1000 materials, 50 materials will significantly
outperform the reference material only by chance (false
positives). Many corrections have been developed to account
for the multiple testing effect, including the Bonferroni
correction, the false discovery rate, the Benjamini-Hochberg
procedure etc.983,984 Importantly, the higher amount of tested
materials in HTS platforms does not reduce the required
number of replicates per material. On the contrary, due to the
multiple testing corrections, the requirements for significance
are more stringent, resulting in more statistical power (more
replicates) required for a significant result.963

Which Materials Are “Hits”? How to Rank Materials Based on
Their Performance? A straightforward way to find the most
promising biomaterials in terms of performance would be to
order them according to their observed performance (averaged
across replicates). A problem with this approach lies in the
potential influence of outliers: materials could be ranked highly
only because of one highly performing replicate, skewing the
average performance of that material. A better measure is the
median value across replicates as this is less affected by outliers.
Another alternative is ranking materials based on their p-value
obtained from a performance comparison with a reference
material. This method is more robust to outlier effects as the

Table 5. Overview of Popular Machine Learning Tools

tool license programming language data set size development mode website

Weka open
source

Java small data sets GUI-based; many algorithms
are already implemented

https://www.cs.waikato.
ac.nz/ml/weka/

DL4J open
source

Java larger data
sets

code-based https://deeplearning4j.
org/

TensorFlow open
source

Python big data sets code-based https://www.tensorflow.
org/

PyTorch open
source

Python big data sets code-based; many inbuilt
algorithms

https://pytorch.org/

R open
source

R big data sets code-based; many inbuilt
algorithms

https://www.r-project.
org/

RapidMiner (similar to
Weka)

open
source

Java big data sets GUI-based https://rapidminer.com/

MATLAB closed
source

MATLAB; can interface with programs
written in C++, Java, R, and Python

medium sized
data sets

code-based; many inbuilt
algorithms

https://nl.mathworks.
com/?s_tid=gn_logo

GNU Octave
(alternative for
MATLAB)

open
source

Octave medium sized
data sets

code-based https://www.gnu.org/
software/octave/
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variance of the replicates as well as the number of replicates is
taken into account.
8.1.1.6. Software and Tools. There are many software tools

for machine learning available, a nonexhaustive summary is
given in Table 5. Most software tools require some
programming knowledge. Fortunately, excellent online courses
and tutorials985−987 exist such as Codecademy, Udacity, and
Software Carpentry.
8.1.2. Basic Principles of Computer Simulations.

8.1.2.1. Motivations for Mathematical Modeling. As
mentioned in the sections of this review, the biomaterial
design space is so enormous that even HTS methods will not
allow us to explore all possible biomaterial combinations. To
further speed up development, however, one can make use of
mathematical models and computational simulations to test
hypotheses and perform experiments in silico, many orders of
magnitude faster than real experiments and make extrap-
olations to patterns that are not present in the original data
(see Table 2).948 Importantly, the biomaterial design space is
not only very vast; the cell−biomaterial interface is also a very
complex biological system due to four main reasons. First, the
cell−biomaterial interface consists of a very large number of
components, that is, different biomaterials and various types of
tissues and cells, on their own consisting of thousands of genes
and proteins. Second, there is a multitude of spatiotemporal
(unknown) interaction processes among this very large
number of components. Third, many biological processes are
nonlinear, implying that if input m1 leads to output y1 and
input m2 leads to output y2, input m1+m2 does not lead to
output y1+y2. In other words, we cannot analyze nonlinear
biological systems by analyzing the system piece by piece and
in the end add all input-output relations as one runs the risk of
destroying some system properties emerging from the
interactions between them.988 Fourth, many biological systems
have invisible thresholds, that is, as long as a parameter is
below a threshold, the system is in a stable state (e.g., inactive)
but as soon as the parameter exceeds the threshold the system
responds in a different manner, for example, by activating other

downstream components.988 Because of this complexity, one
cannot make reliable predictions (or extrapolations) about
biological systems with intuition alone. Interestingly, mathe-
matics naturally deals with thousands of variables and
nonlinearities, providing us with an excellent tool to explore
the cell−biomaterial interface.

8.1.2.2. What Is a Mathematical Model? A mathematical
model is defined as an abstract representation of a complex
system in terms of equations or rules and a description of the
region (spatially or temporally) on which they are valid.990

Modeling is the process of creating such an abstract
representation and generating new insights from it. The task
of creating a mathematical model for the cell−biomaterial
interface is not trivial, as we cannot resort to fundamental laws
and principles as in physics (e.g., Newton’s law to describe
falling objects). Considering the astonishing complexity and
diversity of biological phenomena, it is logical that
mathematical models also come in many types and forms,
which all have their strengths and weaknesses. Indeed, the art
of modeling consists, among others, in defining the correct
framework suitable for the investigation of the research
question at hand. Therefore, the next paragraph will focus on
the common aspects of the modeling process itself, without
providing an extensive survey of all possible approaches and
numerical implementations for which we refer the reader to the
following excellent reviews.988,991−994

8.1.2.3. Steps of Building Mathematical Models. The
generic modeling process consists of four phases: model
selection, model design, model analysis, and diagnosis, and
model use (see Figure 43).988 To find the right balance
between capturing the underlying mechanisms without adding
unnecessary complexities, some iterations might be necessary.
Selecting which simplifications to make requires detailed
knowledge of the system that is studied as well as mathematical
skills. As such, a close collaboration between modelers,
material scientists, and biologists can be very fruitful, especially
when they understand each other’s jargon and work in a tight
feedback loop going from in silico prediction and hypothesis

Figure 43. Flowchart of the modeling process, illustrated by a toy example of the influence of biomaterials on cell proliferation. a.u.: arbitrary units.
Adapted from ref 988 and reprinted with permission from ref 55. Copyright 2008 Georg Thieme Verlag KG and 2017 Elsevier, Ltd.
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generation to in vitro or in vivo validation. To illustrate all the
steps of the modeling process, a simple example will be used
throughout: “how do biomaterials influence cell proliferation?”.
Step 1: Model Selection. Goals and Data Availability. Before

selecting a proper mathematical model type, one needs to
define the purpose and goals of the model as well as make an
overview of the data available to calibrate and validate the
model. As such, the research question defined above - “how do
biomaterials influence cell proliferation?” - needs to be much
more specific. Is one interested in a particular cell type or
should the model be generalized to all cell types? Is one
interested in one biomaterial type, and which particular
properties thereof? Are these properties the same throughout
the material or is there local variation that needs to be
included? Is one interested in the in vitro response or the in
vivo one (if so, which tissue, animal?)? Is one interested in
capturing the 3D dynamics or is a 2D approximation sufficient?
Which scale does one want to capture, the intracellular gene
and protein dynamics occurring during cell proliferation or cell
or tissue level proliferation? Is one interested in an end-point
or the dynamics over time? etc. Importantly, this wish list of
details to be included in the model will depend on the a priori
available knowledge of the system and the available data (e.g.,
if one wants to include temporal dynamics, experimental
measurements at different time-points will be essential to
calibrate the model).
Model Selection. Once the goals of the model are clear,

decisions need to be made regarding the model type. Note that
these decisions do not relate to the model’s usefulness or
quality, they are solely based on the available data, a priori
knowledge and scope of the model.988

Mechanistic versus Data-Driven. A mechanistic model will try
to link the inputs and outputs of a biological system by
describing the actual underlying (biological) mechanisms (see
Table 6). For the toy model, this implies having a basic

understanding of cell proliferation (e.g., functioning of the cell
cycle, essential proteins and genes involved therein, the
dependence of the proliferation rate on the cell density and
available resources, etc.) and a corresponding data set. In
contrast, a data-driven model will correlate the inputs and
outputs in a direct (statistical) way, often called a black box. In
the context of the toy model, a data-driven model might be a
linear regression between stiffness values and proliferation
rates, based on an extensive HTS data set (see section 8.1.1.4
and Figure 42). Note that these data-driven models can find
correlations, but do not explicitly explain the causes and
mechanistic relations between input and response.

Static versus Dynamic. If the system changes appreciably over
time, the temporal dynamics might be important to capture. In
the toy example, one would like to understand cell
proliferation, implying that the amount of cells changes over
time, requiring a dynamic model.
Deterministic versus Stochastic. In a deterministic model, all

information is known at the beginning and once all settings are
defined, all future predictions are fully determined (always the
same for the same parameter value settings). In other words, a
deterministic model neglects the influence of noise or
fluctuations on the biological process. Depending on the
importance of noise in the modeled process, this simplification
is justified, as probabilistic modeling is mathematically much
more complicated and may not be worth the effort. In the toy
example, given that, the available data focuses on recording
average cell densities over time (neglecting single cell
proliferation states); a deterministic model would be a good
starting point.
Spatially Distributed versus Spatially Homogeneous. If the

biological process under study varies greatly with space, it
might be warranted to account for the spatial effects instead of
using a spatial average. Assuming that cell proliferation is
spatially homogeneous, one can opt for a nonspatial model.
Note that in Figure 43, the model design captures the change
of P with respect to time with a simple derivative (i.e., ordinary
differential equation); the changes of P with respect to space
are neglected.
Open versus Closed. A model can be open or closed,

depending on whether components can enter or leave the
system. In the toy model, one can decide to start from an initial
population of cells (e.g., the initial seeding density in the
culture flask) and follow this density as a function of time
without the addition of new cells (closed system). In vivo, on
the other hand, migration of cells toward the region of interest
might occur, obscuring the proliferation effect of the
biomaterial and requiring an open model formulation.
Step 2: Model Design. Model Components. Most models will

contain several or all of the following components: variables,
parameters, and processes that link the variables.988 The
variables represent the biological and biomaterial entities of
interest, such as genes, proteins, cells, biomaterial properties,
etc. In the toy example, the variables are the cell density (P),
time (t), and biomaterial stiffness (m). The parameters are the
numerical values that characterize particular features of a
variable or process. For example, the carrying capacity (K), the
growth rate (r) or a stiffness threshold (a). The processes
describe how the variables are linked, for example, the change
in cell density is proportional to the existing population or the
higher the stiffness m of a biomaterial, the lower the cell
proliferation.
Model Implementation. Once the mathematical structure is

clear and the variables and parameter values are known, the
model can be implemented. Typically, one will first formulate
the corresponding set of equations and then convert them into
computer code to solve the set of equations numerically. Note
that, depending on the complexity of the mathematical model,
the equations can also be solved by hand or analytically. To be
able to run the simulations, actual values need to be specified
for the parameters and initial settings of the variables.
Parameter values can be determined in many ways (e.g.,
literature, other mathematical models, dedicated experimental
data) but very often parameter determination is the most
challenging bottleneck in the modeling process. For detailed

Table 6. Advantages and Disadvantages of Mathematical
Modeling and Data-Driven Modelinga

mathematical modeling (section
8.2.2) data-driven modeling (section 8.2.1)

provides a mechanistic relation
between inputs and outputs

provides a statistical relationship
between inputs and outputs

capable of handling small (dedicated)
data sets

requires large (HTS) data sets

upon validation, the model can be
used as a predictive tool for difficult
or costly to perform experiments

upon validation, the model can only
make predictions related to existing
patterns in the supplied data

deductive inductive
aAdapted from ref 989.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00752
Chem. Rev. 2021, 121, 4561−4677

4644

pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00752?ref=pdf


approaches to determine parameter values, we refer the reader
to other literature.995−997

Step 3: Model Analysis and Diagnosis. Before using the model
for its intended goals, one typically first tests the model as
thoroughly as possible to (1) ensure there are no obvious
implementation errors, (2) delineate which parts of the
biological process under study are reasonably modeled and
which fall beyond the scope of the in silico model, (3) explore
the robustness of the predictions and the sensitivity of these
predictions to the parameter values, (4) explore nonintuitive
dynamics.988 Some of these tests can be done with
mathematical methods or through computer simulations
where one repeatedly introduces deviations (e.g., changes a
parameter value 1−50%) and studies how the system
responds.998,999 In the toy example, cell proliferation becomes
exponential if the resources are unconstrained (see Figure 43),
which might be a reasonable approximation or warrant a more
complex description to capture, for example, the process of
contact inhibition. From Figure 43, it is also clear that the
model predictions are very sensitive to the exact value of K
(the carrying capacity), implying that this parameter value
should be accurately determined. If the simulations need to
represent experiments that were executed in a lab, one will
question whether the simulations generate responses that are
consistent with the experimental observations (see Figure 43).
Step 4: Model Use. Once the model has been sufficiently

tested, the model can be used to answer “what if?” scenarios.
For example, one can vary the growth rate (r) at any
magnitude, in combination with variations in the carrying
capacity (K) (which is difficult to modify experimentally) or
on its own, to explore the influence of r on the cell density.
This set of in silico experiments can be complemented with an
explanation of how the input (in the computational model)
leads to the observed response. In particular, with an in silico
model, the data can be nondestructively recorded at a higher
frequency and spatial resolution than in an experimental
setting, limited only by the temporal and spatial resolution of
the numerical simulation. This allows capturing all interesting
dynamics versus the static and user-defined timing of data
collection, potentially overlooking interesting phenomena.55

Another use of the computational model is to find optimal
settings for a particular goal, for example, an optimal culture
refreshment regime (amount and timing in between) that
maximizes in vitro cell proliferation. Finally, the computational
model can be used to test and explain hypotheses, for example,
why is the first step of the cell cycle influenced by the stiffness
of the biomaterial and not the second or third? This type of
exploration could be done by making two types of models, one
with stiffness feedback to the first step and one to the second
step and comparing the resulting system behavior. Importantly,
although valid model parameters (determined by physical
laws) and model structures are required for realistic
predictions, running a model with “unrealistic” values or
processes might yield interesting observations (e.g., what kind
of growth dynamics would be predicted for an infinite amount
of resources? See Figure 43).
8.1.2.4. Software and Tools. An overview of some popular

simulation tools can be found in Table 7. Note that there is a
wide variety of tools depending on the type of simulation (e.g.,
solving for fluid flow using Comsol Multiphysics versus
intracellular signaling dynamics using VCell). T
ab
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8.2. Data-Driven Models in Biomaterials Research

As 90% of the world’s data has been generated in the last five
years,1000 the use of data-driven models has vastly increased in
the biomedical and clinical sciences to keep up with the rate of
data generation, find novel correlations and define new
hypotheses. Here we will focus on data-driven models related
to cell−biomaterial interactions, and particularly those that use
data derived from HTS platforms.
8.2.1. Surface Chemistry. To relate the microscopic or

molecular properties of polymers to their biological effects, and
in particular human embryoid body cell adhesion,525 bacterial
attachment,475,614 and human dental pulp-derived stem cell
behavior,1001 polymer microarrays and machine learning
methods have been developed previously (see also sections 5
and 7). In these studies, they have explored various polymer
descriptors including computational (molecular) descrip-
tors,475,1001 WCA,116 ToF-SIMS spectra,475,1001 or mechanical
properties.525 Ideally, purely computational descriptors are
used as this will accelerate new materials discovery by reducing
the need for additional experimental measurements to
characterize the material properties of large materials
libraries.525 For computational modeling, among others
multiple linear regression,475 partial least-squares regres-
sion,1001 and three-layer neural networks,475,525 have been
explored.
8.2.2. Surface Topography. Hulsman et al. explored

various statistical tests to rank the biomaterial surfaces.144

They found that the Mann−Whitney U-test significantly
outperforms the mean or Welch t test as it takes into account
the distribution of the replicate measurements and can better
handle outliers. To relate cell behavior to morphological
descriptors or surface topographical descriptors, random forest
algorithms,897 logistic regression,564 ordinary linear regres-
sion,144 Lasso regression,144 M-estimation regression,144 and
support vector regression144 were explored.
8.2.3. Cellular Profiling. Next to other forms of cellular

parametrization, cell morphology has also been identified as a
potential indicator of cell−biomaterial response. Chen et al.
used support vector machines to quantify the morphological
response of hBMSCs to different microenvironments.1002

Their analysis was conducted at a multicell level, where a
“supercell” represented the average shape measurements of
small groups of single cells to account for heterogeneous
populations and microenvironments. They found that smaller,
more elongated shapes are strong indicators of hBMSCs
response to fibrous microenvironments whereas osteogenic
supplements triggered morphological changes in terms of cell
boundary concavity and roughness.1002 Similarly, Treiser et al.
used 43 morphometric descriptors, with a particular focus on
the spatial and structural organization of actin to forecast the
lineage commitment of hMSCs.896 They used MDS to reduce
the number of descriptors such that the observed similarities
and dissimilarities between cells are maximized while being
able to plot each cell in 3D. They could discern hMSCs
cultured under osteogenic versus fat-inductive conditions as
well as predict the degree of bone predisposition across a series
of synthetic polymeric materials.896 Rostam et al. compared
various machine learning methods (i.e., logistic regression,
random forest, naiv̈e Bayes, support vector machines and k-
nearest neighbors) to identify M1 and M2 macrophage
phenotypes.1003 Logistic regression and random forest showed
the highest classification accuracy while support vector
machines and k-nearest neighbors regularly misclassified cells.

As such, high-content imaging and analysis in combination
with data-driven modeling can be used to phenotype diverse
cell populations without the need for multiple markers.

8.3. Hypothesis-Driven Models in Biomaterials Research

Many hypothesis-driven models are being developed to
improve our fundamental biological understanding as well as
to develop optimized treatments and devices. Here, we will
focus specifically on the modeling of cell−biomaterial and
cell−ECM interactions.

8.3.1. Hypothesis-Driven Models for a Fundamental
Understanding. A recent review of Cheng et al.,1004

including commentaries thereon,1005−1008 provides an ex-
cellent overview of current mathematical models describing
the responses of a cell to various biophysical cues in their
microenvironment, such as dynamic strain, fluid shear stress,
mechanical force, matrix rigidity, and matrix porosity. Here, we
provide some highlights, particularly focusing on cell−
biomaterial and cell−ECM interactions.
When cells interact with the ECM, they will deform and

reorganize their actin fibrils, which feeds back on cell
contractility and signaling. Abhilash et al. developed a
computational model to capture cell-mediated ECM remodel-
ing using finite element-based discrete fiber network
simulations.1009 Interestingly, in agreement with experimental
observations, the sensing distance of a cell is ten times the cell
size due to long-range force transmission in the ECM through
tension-driven fiber alignment. Similarly, van Oers et al. used a
hybrid Cellular Potts and finite element computational model
to show that a combination of contractile forces exerted by
endothelial cells on the ECM, the resulting strains, and cellular
response to these strains is sufficient to reproduce vascular
network formation and sprouting.1010 Focusing more on the
intracellular aspects of ECM sensing, Sun. et al. have developed
a novel computational model of YAP/TAZ signaling and
cytoskeleton dynamics in which the ECM stiffness is converted
into biochemical signals.1011 They show that the synergistic
effect of YAP/TAZ activity between the mechanosensing and
Hippo pathways might be explained by the interaction of LIM-
kinase and large tumor suppressor (LATS).
Besides shedding light on cell−ECM interactions, computa-

tional models can also play an important role in understanding
the response to engineered biomaterial surfaces and implanted
biomedical devices. Kang et al. have developed a mathematical
model to understand biomaterial-mediated inflammatory
responses.1012 For the parameter estimation, they used a
global optimization algorithm called discrete selection
Levenberg−Marquardt (DSLM). Albert and Schwarz have
developed mathematical models, based on a cellular Potts
model formalism, to predict the dynamical forces and cell
shapes on micropatterned substrates.1013−1016 The in silico
models are able to describe how the cell contour adapts to the
pattern’s geometry as well as predict the traction forces in
agreement with experimental data. In the next step the model
was combined with genetic algorithms to optimize the
migration of cells on ratchet micropatterns.1016 As was
demonstrated experimentally, a triangular shape was predicted
to guide cell migration in the direction of the tip of the triangle.
However, to achieve unidirectional migration the most
effective pattern consisted of connected, asymmetric and
rotated triangles. An overview of computational models of
substrate-based cell motility is given by Ziebert et al.1017
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8.3.2. Hypothesis-Driven Models for Biomaterial
Optimization. To improve cell viability after implantation
of tissue engineering constructs, Pedraza et al. have developed
and optimized hydrolytically activated oxygen-generating
biomaterials.1018 More specifically, COMSOL Multiphysics
was used to predict the oxygen gradients within cell-loaded
agarose constructs with varying total cell loads, external oxygen
tension and the presence or absence of the oxygen-generating
biomaterial (modeled with first-order reaction rate kinetics).
From these calculations, they could optimize the dose,
geometry and surface/volume ratio of the oxygen-generating
biomaterial. Similarly, others have focused on optimizing the
release of ions from biodegradable scaffolds. For example,
calcium phosphate materials are widely used for dental and
orthopedic applications and their degradation products, Ca2+

and Pi ions, are believed to affect bone cell chemotaxis,
proliferation and differentiation. However, the ion release rate
from these scaffolds depends on a number of biophysicohem-
ical phenomena such as dissolution and diffusion, which in
turn depend on the scaffold composition and geometry.
Manhas et al. have developed a finite element method to
investigate the local Ca2+ ion release from CaP-based
scaffolds.1019 Combining this work with a computational
model of Ca2+ influence on osteogenic cell behavior and bone
formation,999 allowed for CaP scaffold optimization.1020

Besides optimizing tissue engineering constructs for oxygen
transport and release rate, others have optimized the
macroscopic pore shapes of scaffolds to control the kinetics
of tissue deposition, for example, bone formation. For example,
Bidan et al. developed a model to predict the behavior of
osteoblasts on curved surfaces.1021 They show that in cross-
shaped pores the initial overall tissue deposition is twice as fast
as in square-shaped pores, opening new avenues to improve
the speed of bone ingrowth into porous scaffolds.

9. CLINICAL AND COMMERCIAL TRANSLATION
Biomaterials with appropriate chemical, physical, and bio-
logical properties have the ability to revolutionize the diagnosis
and treatment of challenging diseases such as cancer, tissue
injury, and defects.5,1022,1023 Millions of patients worldwide are
benefiting from biomaterial-based products, such as surgical
meshes, dermal fillers, pacemakers, stents, joint replacement
devices, controlled drug delivery devices, dental and cosmetic
implants, surgical adhesives, antiadhesive devices, hemostats,
etc. Particularly, in the field of tissue engineering, recent
decades have been dedicated to the discovery and translation
of biomaterials-inspired therapies which has led to a rapid
increase in technologies and methods with an incredible
capability on assisting patients.1024 For instance, Atala et al.
reported urothelial and muscle cells were seeded on a bladder-
shaped scaffold consist of collagen, or collagen and polyglycolic
acid composite.1025 The autologous engineered bladder
constructs cultured 7 days in vitro were implanted into seven
patients with myelomeningocele and poorly compliant
bladders. After a mean 46 months, the mean bladder leak
point pressure decreased at capacity, and the volume and
compliance increase were greatest in the composite engineered
bladders with an omental wrap (56%, 1.58-fold, and 2.79-fold,
respectively). The engineered bladder biopsies displayed an
appropriate structure and phenotype. In addition, a 30-year-old
woman was the first person to receive a tissue-engineering
tracheal segment, a procedure that saved her left lung.1026

Significant strides have been made in terms of engineering

materials with cells and biochemical factors to promote tissue
repair and regeneration in patients, which facilitate the
development of the next generation of medicine. Although
remarkable examples have been reported in the clinical
translation of biomaterials-based strategies, it remains un-
certain whether they can fulfill the requirements in the clinical
translation and commercialization process. Unitl 2018, a small
number of cellular-based strategies have been approved by the
FDA, in which only a few contain a combination of cells with
materials.1024,1027 Often, advanced biomaterials that show great
promise in the laboratory setting fail on the road to clinical and
commercial translation.
Translating biomaterial-based products from the bench to

the clinic takes a lot of effort, determination, and funds. Tissue-
engineering (TE) products based on biomaterials represent
relatively complex product details combined with cells and
active molecules, compared to biomaterials alone. It is well-
known that the more complex the medical product the more
challenges there will be to overcome to meet the guidelines of
regulatory agencies for host compatibility, sterility, and
functionality before allowing them to be used for clinical and
commercial settings. Similar to drugs, TE products need a very
long time for approval, because of the complex mechanisms
between biomaterials and cells as well as funding challenges.
Also, the costs associated with the technical hurdles, timelines,
and regulatory may be difficult to motivate and opportunities
for clinical and commercial translation may be lost.
Importantly, the familiarity and predictability for the
interaction between biomaterials and cells is beneficial for
the long-term development of TE-based diagnosis.
Efforts to develop more efficient platforms rather than a

persistent attachment to previously used and well-established
models will accelerate and improve the process of bringing TE
products from the bench to the clinic. Also, it is very important
to have the ability to accurately predict, from preclinical data,
the human health risks associated with a new product.
According to the challenges described above, HT analysis
platforms of materiobiology and biomaterial discovery provide
an ideal method to measure the complicated interactions
among biomaterials, biomolecules, and cells for cell−material
interaction and drug screening.21 The output results provide a
better understanding of the structure−function relationships
between surface properties and biological performance and
identify the optimal condition for cell response, which would
accelerate the development of high-quality biomaterials and
then achieve the clinical translation of biomaterials. In
addition, HTS platforms combined with other advanced
analysis technologies (i.e., microfluidics or arrays) provide
critical strengths over conventional systems,24,51,52 for example,
integration of sensors for direct readout, higher reliability, and
the possibility to enhance the throughput of screening by
utilizing parallelization, multiplexing, and automation, prevent-
ing cross-communication of cells and cross-contamination of
soluble factors, incorporate high throughput assays such as
ELISA, as well as allow for robotic liquid handling and
implementation of multiwell plate-based instrumentation. The
true success of HTS platforms is to alter the way of doing R&D
and then assist their translation toward commercial uses and
the clinic. Recently, computational simulations based on
machine learning algorithms and mathematical modeling
were used to deal with these data that relate the biomaterial
properties as input to the cell behaviors as output.55,56 A
publically available database was created and named The
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cBiT.60 It allows researchers to search, select, and download
materiobiology data as well as invite scientists to contribute
their data to cBiT. Cloud platform, even materiobiology
genome, could be built to help scientists to pose explicit
hypotheses or make predictions of biomaterial parameters as a
function of cell response.

10. CONCLUSION AND OUTLOOK
For the effective development of high-performance biomate-
rials for various biomedical applications, a comprehensive
understanding of the combinatorial effects of biomaterials’
properties on cellular behaviors is pivotal. Gradient and
microarray platforms can be used to investigate and
mechanisms the interactions between cells and biomaterials
and identify optimal formulations of biomaterials in a high-
throughput manner for specific target applications. Further,
microfluidics and array technologies offer important advan-
tages over conventional analysis systems, to collect the data
from HTS of materiobiology. Also, high content imaging and
computational tools are extremely valuable to efficiently obtain,
analyze, and predict big data, illuminate the relationship
between cells and biomaterials, and help scientists pose explicit
hypotheses or make predictions of biomaterial parameters as a
function of cell response. The materiobiology genome is
expected to be built and used to help scientists to pose explicit
hypotheses or make predictions of biomaterial parameters as a
function of cell response in the development of high-
performance biomaterials.
However, to translate the output from HT analysis of

materiobiology for efficient biomaterial discovery and develop-
ment of these findings into commercial clinical uses, some
bottlenecks need to be overcome and extensive works are
needed to be carried out.
HTS platforms could have exciting applications in animal

studies and clinical testing. Multiple materials and material
properties could be screened in a single specimen, which would
reduce the number of animals needed for experimentation.
This approach would also enable more systematic in vivo
screenings since the same individual animal could be used for
all the materials in a library.
Our ability to engineer and control biomaterial properties

such as surface topography, stiffness, chemistry, mechanical
properties, etc. has progressed significantly in the last decades
but our understanding of how to control and stimulate the
desired cell−biomaterial responses with complex combinations
of physicochemical biomaterial properties is still insufficient.
To optimize these cell−biomaterial systems, high-throughput
assays have been developed, resulting in overwhelming
amounts of data. It is essential that the biomaterials field
taps into the advances in the field of machine learning and
computational simulations to (1) make full use of the available
data, (2) reduce the experimental trial-and-error through in
silico design, (3) speed-up the discovery process. However, to
reach the full potential of the above-mentioned computational
tools, several open questions need to be tackled. First, the
biomaterials field needs to create improved descriptors for
parametrizing biomaterials as well as standardize them. Such a
parametrization standard would not only allow a better
comparison between different studies and increase the
reproducibility of the results, it would also facilitate the
creation of data repositories of cell−biomaterial interactions,
which are essential for data-driven tools. Second, the
experimental design of HTS platforms should be optimized

to ensure that most are learned from a (small) number of
experiments. Instead of random sampling, “design of experi-
ments” (DOE) can be used to decide which combinations of
materials or material properties yield the best sampling of the
entire parameter space. Moreover, the knowledge of previous
experiments should be used to determine the next set of
samples to test, employing, for example, genetic algorithms.
Third, the biological response at the interface between a
biomaterial and the human body is dynamic, with changing
cellular players, evolving requirements and controlled at
different length scales. Capturing the dynamic and multiscale
nature of the processes occurring at the cell−biomaterial
interface is not easy. Mechanistic models are more suited to
approach these kinds of questions, but further developments
are needed to link different (single-scale, separately developed)
models into complex multiscale models and numerically
handle such computationally challenging coupled equations.
Finally, the biomaterials and computational modeling
community need to further build bridges and train the next
generation of scientists to develop interdisciplinary compe-
tencies in both computing as well as biomaterial sciences. By
understanding each other’s jargon and working in a tight
feedback loop going from in silico predictions to in vitro or in
vivo experiments, the field of materiobiology can take the step
toward making scientific breakthroughs.
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