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Abstract Biophysical and biochemical cues from the cellular
microenvironment initiate intracellular signaling through cel-
lular membrane receptors and trigger specific cell develop-
mental programs. Extracellular substrates and matrix scaffolds
engineered to mimic cell’s native physiological environment
must incorporate the multifactorial parameters (composition,
micro and nanoscale organization, and topography) of the
extracellular matrix as well as the dynamic nature of the ma-
trix. The design of such engineered biomaterials is challenged
by the inherent complexity and dynamic nature of the cell-
extracellular matrix reciprocity, while the validation of robust
microenvironments requires a deeper, higher content pheno-
typic resolution of cell-matrix interactions alongside a rapid
screening capability. To this end, high-throughput platforms
are integral to facilitating the screening and optimization of
complex engineered microenvironments for directing desired
cell developmental pathway. This review highlights the recent
advances in biomaterial platforms that present dynamic cues
and enable high throughput screening of cell’s response to a
combination of micro-environmental factors. We also address
some newer techniques involving high-content image infor-
matics to elucidate emergent cellular behaviors with a focus
on stem cell regenerative endpoints.
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Introduction

The primary goal of regenerative medicine is to recreate hu-
man tissues, either to increase understanding of human phys-
iology or pathophysiology, to screen for effective therapeutics,
or to replace lost tissue. Key to tissue regeneration or replace-
ment is the effective combination of relevant lineage-specific
cells and a supportive biomaterial. Biomaterials used in tissue
engineering approaches play a major role of influencing a
wide range of cell behavior, including cell viability, differen-
tiation, motility, and apoptosis. These changes in cell behavior
are often sensitively modulated by changes in the biomate-
rial’s properties like topography, stiffness, and material chem-
istry. Most studies to date have examined cellular response to
alterations in specific individual biomaterial parameters [1, 2].
Given the multi-factorial nature of physiologic extracellular
matrices, several recent reports indicate that the most favor-
able cell-niche incorporates a combination of biologically ac-
tive, microenvironmental cues [3–5]. Further, prevalent stud-
ies tend to focus on studying the influence of static topograph-
ical, chemical, or mechanical cues on cell behavior. However,
dynamic matrix changes are important to a number of biolog-
ical processes including tissue formation, regeneration, and
pathophysiological processes such as tumor growth [6–8].
Therefore, there exists a need to develop biomaterial platforms
that can address the limitations in previously developed bio-
materials by firstly allowing evaluation of dynamic cues, and
secondly by facilitating screening of a combination of cues.

Recent advances in stimuli-responsive materials [9–11], as
well as the increased recognition of the need to combine pro-
grammable cues with dynamic cell behaviors, have led to the
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development of a number of highly innovative biomaterial
configurations. Additionally, technological developments
such as advances in nanoscale and microsystem technologies
have also enabled the fabrication of novel high-throughput
platforms to screen varied topographies and geometries
[12–14], or to identify an optimal combination of bioactive
cues [15, 16]. These high-throughput biomaterial platforms
specifically seek to accelerate the development of materials
for cell-based applications by designing materials that elicit
desired cell behavior, through rapid and parallel screening of
cell behaviors in response to a wide range of potentially rele-
vant microenvironmental cues and substrate characteristics.
Such platforms have many salient features that include repro-
ducibility, suitability to automation, usage of lesser cells and
reagents for screening, and cost effectiveness.

Here, we review a newer generation of biomaterials, which
leverage the influence of topography, stiffness, and chemistry
on cell behavior in innovative ways, particularly focusing on
dynamic and high-throughput platforms, as well as high-
content analysis approaches to study cells on these platforms
(Fig. 1).

Dynamic Platforms to Model-Changing Cell
Environments

Functional tissue engineering requires a precise control over
the spatio-temporal single-cell and multicellular organization
and lineage-specific behavior through biomaterial-induced
cues. This precise control requires the use of materials that
combine desirable mechanical, topographical, and chemical
cues, and allow for manipulation of these attributes to mimic
the dynamic cell environment. Much of this work has been
accomplished through developments with stimuli responsive
materials, which change form in response to an external stim-
uli, such as mechanical strain, light, or change in temperature
or pH [17, 18]. Previous studies have used these materials to
investigate the effects of changing topography on cell shape,
which is mediated by integrin receptor redistribution and cy-
toskeletal remodeling and ultimately governs cell functions
including proliferation, differentiation, or death [19, 20].
However, only in recent studies have efforts been made to
decouple effects of dynamic strain and deformation on cellular
shape. For example, Pholpabu et al. [21] used a pre-strained
elastomeric substrate, SiO2-coated polydimethylsiloxane
(PDMS), to produce a substrate capable of alternating be-
tween three distinct topographies [21]. The alternation be-
tween flat, parallel wavy, or perpendicular wavy grooves
was induced in less than 3 s, and by mechanical strain values
lower than 3.5 %, which is the threshold strain detected to date
by mammalian cells.. The authors observed rapid and robust
changes in fibroblast morphology when cultured on substrates
switched from flat to wavy features, but no significant changes

to gross steady-state morphology on substrates switched from
flat to wavy to flat. These results suggest that the presentation
of low-strain induced, reversible topographical cues allowed
the authors to decouple changes in cell morphology based on
contact guidancewith those induced by substrate deformation.

While oxidized PDMS and shape-memory polymers have
allowed for the isolation and investigation of key cell-
biomaterial interactions, these materials are restricted to a lim-
ited range of topographies [17, 18]. An alternative approach
was taken by Kiang et al. [22], who developed a soft poly-
acrylamide hydrogel with randomly embeddedmagnetic nick-
el microwires, allowing reversible changes in surface rough-
ness fromΔRRMS of 0.05 to 0.70 μm in response to variations
in magnetic field [22]. Using this system, the authors found
that vascular smooth muscle cells displayed morphological
changes in response to acute but not cyclic changes in topog-
raphy. Another substrate with tunable topography was devel-
oped by Kirschner and Anseth [23] who used poly(ethylene
glycol) (PEG) hydrogels with photolabile linkages, allowing
for the creation of topographical features through precise spa-
tial erosion [23]. They demonstrated that the creation of chan-
nels in this substrate led to a significant increase in cellular
aspect ratio of human mesenchymal stem cells, which were
reversed with the creation of perpendicular channels within
the same substrate. These findings could be used to direct
localized stem cell function and fate in vitro for transplantation
in cell therapies, and guide the creation of dynamic implant-
able devices.

Mechanical stimuli are an important variety of cues en-
countered by cells within the body, which can impact cell
motility, proliferation, and differentiation [24, 25]. A wide
spectrum of biological processes is characterized by changes
in stiffness of tissue, including in tissue development [26],
stress from locomotion and weight bearing in the musculo-
skeletal system, or arterial stiffening in atherosclerosis [27].
Several approaches have studied the role of spatiotemporal
control over mechanical properties on cultured cell environ-
ment mediated, for example, through the formation or cleav-
age of crosslinking sites within flexible polymer-based gels
[28, 29]. Parallel studies that focus on the use of
photocleavable o-nitrobenzyl group to reduce material stiff-
ness [30, 31] have been reviewed elsewhere [11]. Other strat-
egies to control material stiffness in situ have included the use
of a secondary crosslinked network or interpenetrating net-
work (IPN), where the two gel networks independently con-
tribute a tunable, biologically inert, mechanical support com-
ponent, and a biochemical cellular support component [32,
33]. Tong and Yang [33] demonstrated the utility of such a
system as a stem cell niche by modulating osteogenic differ-
entiation of human adipose-derived stem cells on an IPN
consisting of a biochemical support network presenting varied
RGD concentrations and a mechanical support network with
mechanical stiffness ranging from 0.9 to 91.3 kPa [33].
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Mechanical network cross-linking could be conducted in
physiological conditions, and matrix metalloproteinase-
sensitive peptides could be incorporated, allowing for dynam-
ic mechanical stiffness properties in situ. They furthermore
demonstrated the versatility of the IPN platform by producing
the same mechanical stiffness using polyacrylamide, linear
PEG-diacrylate, and multi-arm PEG for the mechanical sup-
port network in conjunction with a constant biochemical sup-
port network.

While a majority of tissue scaffolds generally display linear
elastic properties, materials with strain-thickening or shear-
thinning mechanical behavior allow for material self-healing
and injectability, as well as enhanced cell remodeling or com-
munication through the exertion of traction forces. Winer et al.
characterized a strain-thickening fibrin gel which extended the
range of intercellular communication and allowed for the for-
mation of multicellular patterns on the order of 100 μm,which
was not observed using linear elastic materials [34].
Fibroblasts or human mesenchymal stem cells cultured on
these fibrin gels generated local stiffness by exerting strain,
resulting in dramatically increased cell spreading and the abil-
ity to mechanically interact with other cells at distances over
four times their cell diameter. Many self-assembled materials
rely on multiple noncovalent intermolecular interactions, and
the temporary disruption and re-establishment of these inter-
actions confers shear-thinning dynamic mechanical behavior.
A number of self-assembling peptide-based hydrogels [35,
36], peptide hybrid materials employing a combination of
peptides and chemical functionalities with known assembly
properties [37], and protein or large polypeptide materials
[38] with shear-thinning behavior have been observed to sup-
port cell growth and guide cell development, which has been
reviewed elsewhere [39]. A novel non-peptide material was

developed by Gaffey et al., who created a hyaluronic acid-
based self assembling and shear thinning hydrogel, stabilized
by non-covalent host-guest complexes between adamantine
and β-cyclodextrin [40]. This substrate was demonstrated to
support the culture of endothelial progenitor cells and enhance
the survival of their transplantation into rat myocardium. In
this case, the shear-thinning material not only supported the
culture and delivery of encapsulated cells, but its mechanically
dynamic nature also enabled it to conform to targeted host
tissue and enhance host tissue regeneration, even in the ab-
sence of transplanted cells. This material was observed to
increase vasculogenesis and improve ventricular function,
showing promise for myocardial infarct treatment. Together,
these studies represent key advances in understanding how
materials with dynamic mechanical properties interact with
both cultured cells and also host tissue.

Many studies have used technology available for over a
decade to create scaffolds with dynamic adhesion properties
through triggered changes in surface chemistry [33, 41],
which have been the subject of multiple reviews [11, 42]. A
substantial number of materials trigger cell behaviors such as
migration or differentiation through controlled release of sol-
uble factors, usually through tunable degradation properties or
simple diffusion [43, 44], which have also been reviewed
extensively [45, 46]. However, a number of biological pro-
cesses including adult differentiation, embryonic tissue forma-
tion, and immunological response to infection antigens de-
pend on tight temporal regulation of signaling molecules
[47–50]. As one example, transplantable poly-lactide-co-
glycolide matrices with controlled release of granulocyte-
macrophage colony-stimulating factor (GM-CSF) were de-
signed to promote initial recruitment of dendritic cells to the
implanted scaffold and initiate differentiation over the course

Fig. 1 Schematic of the
convergence of three promising
approaches in advancing
understanding of cell-biomaterial
interaction for tissue engineering
applications: dynamic cell
scaffolds that possess cell-matrix
reciprocity, high throughput
technologies for comprehensive
rapid screening, and high-content
cellular analysis based on
phenotypic image informatics
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of 2 weeks [51]. More recent advances in reversible presenta-
tion of biomolecules help in moving the field closer to mim-
icking these key biological processes, as opposed to relying on
the typically irreversible approaches. One approach used three
orthogonal chemistries to reversibly pattern PEG hydrogels
with proteins of interest [52]: first, PEG hydrogels were gen-
erated with pendant alkoxyamines masked by photocleavable
2-(2-nitrophenyl)propyloxycarbonyl (NPPOC) groups; next,
proteins pre-treated with a photocleavable o-nitrobenzyl
group tethered to an aldehyde are introduced into the
hydrogels after NPPOC groups are released, liberating
alkoxyamines to react with the protein-linked aldehyde
groups; finally, o-nitrobenzyl groups linking the protein of
interest to the hydrogel can be cleaved. This platform was
used to culture human mesenchymal stem cells into osteo-
blasts in a temporally and regionally defined manner. This
approach represents a useful tool to further engineer changes
in cell behavior through a dynamically controlled biochemical
environment.

A number of key challenges must be overcome to develop
biomaterials with a robust dynamic interaction with living
cells. The introduction of external stimuli designed to induce
topographical, chemical, or mechanical change in biomate-
rials must be within the range of tolerable conditions for cul-
tured cells and may influence the baseline cell behavior [53].
As discussed earlier, recent studies have focused on minimiz-
ing the effects of external stimuli, by using stimuli that are
either below cellular thresholds for detection, or that cells
are incapable of detecting. Future studies may increase focus
on biomaterials that autonomously transition between known
states, which would eliminate the influence of these external
stimuli. While current dynamic biomaterials are far from re-
capitulating the complex and changing in vivo cellular envi-
ronment, recent innovations have generated tools to aid in
fundamental studies of time-dependent cell-biomaterial inter-
actions, and will guide the design of biomaterials engineered
for precise cellular responses and tissue formation.

High-Throughput Platforms to Screen Complex
Cell-Niches

High-throughput platforms are designed to screen cell behav-
iors in response to a wide range of potentially relevant condi-
tions in order to elucidate a specific subset of biomaterial
features that elicit desired cell behavior. One of the earliest
examples of high throughput platforms is the application of
polymeric material arrays for high-throughput surface charac-
terization (HTSC) [54–56]. Over the last decade, HTSC has
been applied to elucidate the relationship between polymeric
structure or surface chemistry and biological function includ-
ing cell adhesion and differentiation [57–59], to identify the
ideal bioactive polymer design in large material libraries and

accelerate the discovery of new biomedical materials. High-
throughput surface analysis, including time-of-flight second-
ary ion mass spectrometry (ToF-SIMS), X-ray photoelectron
spectroscopy (XPS), and water contact angle (WCA) mea-
surements have been effectively employed to determine sur-
face characteristics and correlations between surface chemis-
try and cell activity [56, 58, 60]. Typically, high-content anal-
ysis of fluorescently labeled biological markers either
absorbed directly on the array or stained in cells attached to
polymer spots is also employed in high-throughput platforms
to assess cell-material interactions. HTSC approaches and mi-
croarray production have been reviewed previously [54–56].
As exciting avenues for accelerated biomaterial discovery,
these platforms also generate data that can be used to elucidate
correlations between surface chemical structure and cellular
behavior that could not have been predicted by a rational
design approach based simply on review of the bulk or surface
structure [55].

Advances in nano-scale and micro-scale technologies have
accelerated the fabrication of high-throughput materials incor-
porating varied topographies and surface features [12–14]. For
example, a ‘Biochip’ was fabricated containing 41 nano-
patterns and employed it to systematically evaluate and iden-
tify nanotopographical cues like depth, width, (an)isotropy
and spacing (ridge-groove ratio) that tightly regulate osteo-
blast behavior [61]. Specifically, this report demonstrated that
the rate of cell motility is determined by ridge width, with the
osteoblasts being most motile on a ridge-to-groove ratio (R:G)
of 1:3 and a pitch of 400 nm [61]. On the other hand, to
identify topographies inducing specific morphologies, MSC
proliferation and osteogenesis, large libraries of parameterized
topographical material surfaces, referred to as BTopoChips^
and comprising over 2100 distinct topographies, have been
fabricated and systematically applied [14, 62]. Through these
studies, features controlling cell behavior were determined
that can aid in designing surfaces that promote
osteointegration around implants, or osteogenesis. However,
all these studies have been largely restricted to assessing op-
timal material properties by modulating a single material char-
acteristic such as material chemistry or topography.

Recent studies have evidenced that a convergence of vari-
ous physical, chemical, and mechanical cues are required to
elicit desired cell response [3–5]. The interplay between sub-
strate stiffness and geometry in guiding osteogenic differenti-
ation was demonstrated in the Killian laboratory by
employing microcontact printing of adhesion proteins on
polyacrylamide gels of variable stiffness [4]. When cells were
confined to shapes promoting cytoskeletal tension, increased
osteogenesis was observed across substrates with increasing
stiffness [4]. For studies focused on investigating biochemical
cues, the importance of considering the mechanical properties
of a target tissue in concert with biochemical niche signals
in vitro was illustrated by Gobaa et al. [3]. Using a
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microarray-based platform, they showed that the most favor-
able effect of a specific protein on adipogenesis manifests at a
specific range of stiffness [3]. The sustained development of
biomaterials therefore calls for screening strategies that com-
bine the application of diverse biomaterial cues along with
dynamically modulated high-throughput evaluation.

Many recent advances have also been made in the devel-
opment of such high-throughput platforms that comprise var-
iations of a combination of characteristics, and have been
summarized in Table 1. Nakajima et al. [63] fabricated a bio-
material platform representing immobilized extracellular ma-
trix (ECM) proteins as well as growth factors using photo-
assisted patterning of an alkanethiol self-assembled monolay-
er, and employed it to detect microenvironment cues for neu-
ral stem cell (NSC) proliferation and differentiation [63].
Laminin-1, fibronectin, ProNectin, and poly(ethyleneimine)
were identified to maximally promote NSC adhesion, while
cell proliferation was found to be maximally promoted on
spots containing immobilized EGF [63]. In another notable
study, Gobaa et al. [15] reported a microengineered platform
comprised of soft hydrogel microwell arrays encompassing
hydrogels with modular stiffness (shear moduli of 1–50 kPa)
with combinations of proteins spotted by robotic technology
[15]. They applied this platform to identify artificial niches
influencing adipogenic and osteogenic differentiation of hu-
man mesenchymal stem cells (MSCs) [3, 15], as well as
supporting self-renewal of non-adherent mouse neural stem
cells (NSCs) [15, 16]. Garcia-Cordero et al. [67] fabricated a
microfluidic platform that quantified cytokine production
from dendritic cells stimulated with ten different adjuvants
alone and in pairwise combinations, at multiple concentra-
tions, and identified synergistic adjuvant effects that were re-
capitulated in vivo [67]. These platforms are instrumental in
discerning the underlying synergistic effects of various bio-
material properties.

Another class of emerging high-throughput screening stud-
ies are based on culturing and evaluating cells in 3D microen-
vironments, mimicking the physiological dimensionality [64,
65]. Floren and Tan [64] developed a high-throughput ECM
platform based on polyethylene (PEGDM) electrospun fi-
brous scaffolds incorporating 64 unique combinations of 6
ECM proteins, namely collagen I, collagen III, collagen IV,
laminin, fibronectin, and elastin, in-conjunction with substrate
stiffness of 4.6 or 20 KPa [64]. Using this platform, specific
neotissue microenvironments were identified to instruct MSC
adhesion, spreading and vascular lineage commitment. In a
parallel investigation, 3D combinatorial niches were fabricat-
ed by Memic and Khademhosseini [65] by utilizing a robotic
microarray spotter to rapidly print droplets consisting of
MSCs, gelatin methacrylate, prepolymer solution, and various
ECM proteins on TMSPMA functionalized glass slide, and
applied to identify optimal niche for osteogenesis [65]. Such
platforms are especially useful in designing scaffolds for 3D
and in-vivo applications.

High-Content Image Informatics for Timely
Screening and Cell State Profiling

Conventional analyses to assess the outcome of cell-
biomaterial interactions were accomplished by tracking pro-
tein expression using immunocytochemistry (for example
SDS PAGE, ELISA) or usingmass spectrometry (for example,
LC-MS/MS). These methods are largely cell population-
outputs, and are time consuming and laborious, especially
when performed to profile cell response to multiple conditions
in a high-throughput platform simultaneously or at multiple
time-points in dynamic micro-environments. Another limita-
tion of thesemethods is that they are endpoint in nature and fail
to detect and analyze cell response to external cues within the

Table 1 Recent advances in high throughput biomaterial platforms evaluated a combination of parameters influencing biological processes

Fabrication method Parameters tested Biological process evaluated Reference

Electron beam lithography (EBL) 40 nano-patterns/topographies Osteoblast behavior [61]
Photolithography, hot embossing TopoChip with 2176 topographies Cell morphology, MSC proliferation

and osteogenesis
[14, 62]

Photo-assisted patterning of an alkanethiol self-assembled
monolayer

ECM proteins and growth factor
combinations

NSC adhesion, proliferation and
differentiation

[63]

Electrospun fibrous scaffolds with ECM protein
microarrays

Six ECM proteins, two substrate stiffness MSC adhesion, spreading and
differentiation

[64]

Hydrogels with protein microarrays spotted
using robotic printing

Shear moduli of 1–50 kPa, protein
combinations

Adipogenic and osteogenic differentiation
of MSCs, NSC differentiation and
renewal

[3, 15, 16]

Robotic microarray spotter to spot precursor
gel solution

ECM proteins MSC proliferation and osteogenic
differentiation

[65]

Light-modulated hyaluronic acid hydrogels Ligand density, substrate stiffness Cell behavior [66]
Photolithography 10 adjuvants alone and pairwise at 3

concentrations, 435 conditions
Inflammatory cytokine production [67]
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first 0–72 h after exposure. Recently incorporation of high
content image analysis approaches to evaluate cell response
to engineered biomaterial platforms is gaining momentum.
The Moghe lab at Rutgers has advanced the application of
high-content image informatics (HCII) to deduce biomarker
profiles at the single cell level indicative of emergent pheno-
types on a variety of platforms [68–72]. This approach is based
on acquiring high-resolution images of cellular reporters and
performing high-content analysis to acquire features quantify-
ing reporter organization, in tandem with machine learning
approaches to model sub-cellular reporter organization. In a
seminal report in 2010, we demonstrated that while cell shape
alone could not distinguish emergent phenotypes within first
24 h of differentiation induction, higher-order variations in cell
shape and cytoskeletal organization that occur within hours of
stimulation can be employed to forecast the lineage commit-
ment fates of humanmesenchymal stem cells (hMSCs) seeded
on fibronectin (Fn) [71]. In this study, a set of quantifiable
morphometric features were formulated to define high-order
variations in actin organization and employed with machine
learning approaches to forecast cell phenotypes. Additionally,
using these morphometric features the degree of osteogenic
differentiation of hMSCs was predictably profiled on nine
polymers with diverse physicochemical properties [71].
Employing high-content image informatics for cells with
fluoro-reporters also allows for live-cell imaging and tracking
cell-state changes in dynamic scaffolds. This approach has
been illustrated by Treiser et al. [70] who have illustrated the
methodology to apply HCII using green fluorescent protein
(GFP) fusion genes to profile change in cell cytoskeleton and
discern combinatorial variations in substrate composition [70].

Using a similar approach based on employing morphometric
descriptors of green fluorescent protein reporter for
farnesylation (GFP-f) in engineered Saos-2 cells, cell spread-
ing and attachment was characterized in biomaterial substrates
possessing gradients in surface topography [69].

Recent advances include the development of more sensi-
tive surrogate markers based on nuclear reporters, for prospec-
tively profiling phenotypic commitment. Specifically, the or-
ganizational metrics of interchromatin speckle factor SC-35
were used to profile hMSC lineage commitment and adhesion
signaling in response to soluble cues and on varied platforms
including patterned surfaces, fibrous scaffolds, and
micropillars [72]. In this approach, texture features capturing
minute high-order variations in the sub-nuclear spatial organi-
zation of SC-35 were computed and utilized with machine
learning approaches to generate a predictive cell-state classi-
fication model. Using this methodology, differences in osteo-
genesis induced by varied topographies were quantitatively
identified and classified for hMSCs cultured on a subset of
micropillars chosen from a library of 2176 distinct, randomly
designed surface topographies [14, 72]. These studies, there-
fore, illustrate that high-content image informatics-based ap-
proaches provide complementary insights as they allow
screening relevant materials in high-throughput and dynamic
platforms by evaluating cell response at single cell level and at
early time-points.

Many high-throughput platforms, high-content imaging,
and analysis systems are now commercially available and have
been listed in Table 2. For example, PolAn’s microarray plates
provide platforms functionalized with peptides or polymers,
while Softwell plates from Matrigen provide a platform

Table 2 Commercially available
high throughput platforms, high
content imaging systems and
analysis software

High-throughput commercially available platforms References

1. PolyAn’s microarry plates/slides, functionalised for DNA-, peptide- or protein microarrays.

2. Softwells from Matrigen, in multiwell format with nine levels of stiffness (KPa) [73]

High-content/throughput imaging systems

1. PerkinElmer Operetta® High Content Imaging System [74, 75]

2. In Cell HCA systems (GE healthcare) [76, 77]

3. Cellomics ArrayScan VTI HCS platform (Thermo Scientific) [78, 79]

4. ImageXpress Micro XLS Widefield High-Content Analysis System (Molecular Devices) [80]

Image analysis software supporting high-content analysis (HCA)

1. Harmony Software This software is used with the Operetta system.

2. Investigator This software is used with In Cell HCA systems.

3. ImageJ Open source software. [81]

4. Cell Profiler Open source software. [82, 83]

5. MetaMorph Software (Molecular
Devices)

Can be used independently or along with imaging
platforms.

[84]

6. Imaris [85]

7. Image Pro Plus/Premier [86, 87]

Additional data analysis software

8. Spotfire TIBCO) Data visualization and analytics software. [76]
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constituting substrates of varied stiffness for high-throughput
screening and imaging. The high-throughput platforms require
commercially available imaging systems that support high-
content imaging and analysis. The Cellomics ArrayScan plat-
form is a fluorescent imaging platform with a live cell tracking
module for high content imaging. The PerkinElmer Operetta
High Content Imaging system and the In Cell HCA by GE
Healthcare, are two commercially available confocal imaging
systems for high-throughput image-based screening and anal-
ysis. These systems are automation compatible and can be
employed for high-throughput studies to assess various cellu-
lar processes including cell migration, cell differentiation, cell
morphology changes, and cytotoxicity in response to external
cues. Harmony software is available to be used with the
Operetta system, while the In Cell Investigator software is
available for the In Cell HCA systems to conduct high-
content image analysis. Other software that can be employed
for high-content image analysis include commercially avail-
able software Imaris, MetaMorph microscope automation
and image analysis software, and Image Pro Plus or Premier,
and open source software ImageJ and Cell Profiler.

Novel systems involving multiplexed methods are also be-
ing developed to facilitate high-throughput assays and screen-
ing applications. One such emerging technology is mass cy-
tometry or CyTOF, which employs stable rare earth metal
probes, enables multiplex of 40 independent measurements
on single cells and can be employed for deep profiling of cells
and high-throughput cell annotation based on phenotypic or
functional characterization [88, 89]. Other emerging systems
include Single molecule array (Simoa™), Optimiser™,
SQIDLite™, and iLite™. These technologies as well as
CyTOF have been evaluated and comprehensively reviewed
elsewhere [90].

Conclusion

In conclusion, the design and development of innovative bio-
materials are continually inspired by the unraveling complex-
ity of multifactorial and dynamic nature of extracellular matrix
signaling behaviors. A number of new chemistry approaches
as well as rapid screening methods are offering valuable in-
sights for material scientists and biologists to develop opti-
mized scaffold design principles, instruct optimal cell state
development, and assess integrated Bsystems^ parameters
modulating key biological processes. These new technologies
and next-generation dynamic biomaterials have demonstrated
promising outcomes in a broad range of regenerative medicine
and immunological applications, including enhanced cell
transplantation, cancer targeting, and vaccine development.
Recent advances in analytical methodologies employed image
informatics in conjunction with high-content analysis and are
proving to be a vital technology for robust cell profiling and

biomaterial screening. We expect that the high-content analy-
ses could be combined with the high-throughput screening
platforms that (a) identify the most influential biomaterials
configurations, and (b) better understand the dynamic and
synergistic profiles of cell behaviors at a single cell level.
Consequently, these dynamic platforms can most robustly re-
capitulate Bheterogeneous biology-on-a-chip^ and provide
unprecedented insights into the local, molecular-level inter-
play between physical and chemical cues, the cellular
reprogramming events, and the emergence of dominant phe-
notypic lineages of cells.
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