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Chapter 18
Biomimetic Surfaces for Cell Engineering

John H. Slater, Omar A. Banda, Keely A. Heintz and Hetty T. Nie

Cell behavior, in particular, migration, proliferation, differentiation, apoptosis, and 
activation, is mediated by a multitude of environmental factors: (i) extracellular 
matrix (ECM) properties including molecular composition, ligand density, ligand 
gradients, stiffness, topography, and degradability; (ii) soluble factors including 
type, concentration, and gradients; (iii) cell–cell interactions; and (iv) external forc-
es such as shear stress, material strain, osmotic pressure, and temperature changes 
(Fig. 18.1). The coordinated influence of these environmental cues regulate em-
bryonic development, tissue function, homeostasis, and wound healing as well as 
other crucial events in vivo [1–3]. From a fundamental biology perspective, it is of 
great interest to understand how these environmental factors regulate cell fate and 
ultimately cell and tissue function. From an engineering perspective, it is of interest 
to determine how to present these factors in a well-controlled manner to elicit a de-
sired cell output for cell and tissue engineering applications. Both biophysical and 
biochemical factors mediate intracellular signaling cascades that influence gene ex-
pression and ultimately cell behavior [4–7], making it difficult to unravel the hierar-
chy of cell fate stimuli [8]. Accordingly, much effort has focused on the fabrication 
of biomimetic surfaces that recapitulate a single or many aspects of the in vivo mi-
croenvironment including topography [9–12], elasticity [5], and ligand presentation 
[13–17], and by structured materials that allow for control over cell shape [18–23], 
spreading [18, 23–25], and cytoskeletal tension [26–28]. Controlled presentation of 
these properties to develop a desired microenvironment can be harnessed to guide 
cell fate decisions toward chosen paths and has provided a wealth of knowledge 
concerning which cues regulate apoptosis [29–34], proliferation [35–39], migra-
tion, lineage-specific stem cell differentiation [7, 8, 15, 18, 23, 37, 40–44], and im-
mune cell activation to name a few. This chapter focuses on the implementation of 
biomimetic surfaces that recapitulate and control one or more aspects of the cellular 
microenvironment to induce a desired cell response. More specifically, biomimetic 
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surfaces that mimic in vivo ECM composition, density, gradients, stiffness, or to-
pography; those that allow for control over cell shape, spreading, or cytoskeletal 
tension; and those that mimic cell surfaces are discussed.

Fig. 18.1  Environmental stimuli regulate cell fate decisions. A multitude of environmental factors 
regulates cell fate decisions. Cells respond to both soluble and matrix-bound growth factors, extra-
cellular matrix properties including composition, ligand density and spacing, stiffness, and topog-
raphy, cell–cell interactions, and the application of external forces including shear stress, material 
strain, osmotic pressure, and temperature changes. The culmination of these environmental inputs 
regulates cell behavior with respect to migration, proliferation, differentiation, and activation to 
name a few. The major focus of much research involves the fabrication and implementation of bio-
mimetic surfaces that allow for direct modulation over one or more of these environmental factors 
to elicit a desired cellular output.

 



54518 Biomimetic Surfaces for Cell Engineering

18.1  Influence of ECM Properties on Cell Behavior

Many mammalian cells are adherent-dependent, meaning that they must adhere to 
ECM to maintain viability and to function properly. Accordingly, much research has 
focused on manipulating ECM properties to investigate its influence on cell fate. 
To understand how ECM properties influence cell behavior, it is important to un-
derstand how cells adhere and the process of adhesion maturation. Cell adhesion to 
the ECM is regulated by integrins; alpha/beta heterodimeric transmembrane glyco-
proteins that recognize short peptide sequences residing within ECM proteins [45]. 
Specific combinations of alpha/beta subunits recognize different ligands; some in-
tegrins recognize more than one ligand and some ligands ligate more than one inte-
grin [46]. Upon activation, integrins interact with talin to form a small cluster that 
acts as an initiation site for adhesion formation [47]. Adhesions mature from small 
nascent adhesions, to focal complexes, to focal adhesions through force-mediated 
actomyosin contraction, and eventually fibrillar adhesions, if cultured on fibronec-
tin [48]. This coordinated maturation process is regulated by both ECM composi-
tion and the transmission of force to adhesion plaques [49]. During the maturation 
process, the molecular composition, size, and location of adhesions change in ad-
dition to conformational changes in force- sensitive adhesion site proteins [47, 48, 
50–53]. These molecular alterations induce changes in adhesion-mediated signaling 
events that regulate gene expression [49, 54, 55]. As anchoring units to the ECM, 
adhesions are also key mediators of migration. The coordinated formation of a la-
mellipodium and new adhesions at the leading edge, actomyosin contraction within 
the cell, and disassembly of mature adhesions at the trailing end are responsible for 
allowing cells to migrate on surfaces [56]. Migration is a critical function involved 
in wound healing, angiogenesis, immune responses, and embryonic development 
to name a few [57]. When integrin function is impaired or unregulated [58], adhe-
sion properties can change drastically as observed in a number of disease states 
including cancer metastasis, arthritis, asthma, thrombosis [59], muscular dystrophy 
[60, 61], skin-blistering disease [62–64], and leukocyte adhesion deficiency [65]. A 
number of environmental cues influence these events including ECM composition, 
integrin/ligand affinity [66], presentation/orientation of integrin-ligating domains 
[44, 67–69], ligand gradients [70], and underlying material properties including 
wettability [71], stiffness [72, 73], topography [74], and degradability [75]. Cells 
also sense ligand and stiffness gradients that induce haptotaxis [76, 77] and duro-
taxis [78, 79], respectively.

Since adhesion formation and maturation play a large role in intracellular signal-
ing of adherent-dependent cells, there has been much interest in fabricating engi-
neered surfaces that control these processes. In many situations, it is advantageous to 
utilize ECM-derived peptides rather than full ECM proteins. In 1984, Pierschbacher 
and Ruoslahti discovered the αvβ3 ligating peptide RGD [80]. Since its discovery 
within fibronectin [80], additional proteins containing the RGD sequence have been 
identified including vitronectin [81], osteopontin [82], laminin [83], and collagen 
[84], although not all of these RGD sequences are readily accessible by cells [85]. 
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In addition to RGD, a multitude of integrin-ligating peptide sequences have been 
discovered [85, 86] including IKVAV and YIGSR in laminin that ligate α3β1, α4β1, 
and α6β1 integrins [87]; PHSRN [88] and REDV [89] in fibronectin that ligate α5β1 
and α4β1, respectively, and GFOGER [88], a collagen-mimetic helical peptide [90], 
that ligates α2β1 to name a few. As differential integrin ligation can significantly 
influence cell behavior [91], it is important to choose the proper ECM proteins or 
peptides for mimicking the tissue of interest. Generally, peptide sequences are not 
as efficacious as their native proteins, therefore cyclic peptides [92] and peptide 
fragments that span the entire binding domain have been developed [85]. Peptides 
have the advantage of being more stable and specific compared to the multiple 
ligation sites present in full proteins [93]. To demonstrate that a peptide behaves 
as expected, scrambled peptides are commonly used as nonadhesive controls [94, 
95]. When using peptides, it is important to make them accessible for integrin liga-
tion. By incorporating short spacers between the surface and conjugated peptide or 
protein, the biomolecule can become more accessible allowing efficient cell adhe-
sion and spreading [95]. Interactions between poly(ethylene glycol) (PEG) spacers 
and peptides or proteins should be considered to prevent aggregation and maintain 
peptide and protein accessibility [67].

In addition to ECM proteins, various growth factors including epidermal growth 
factor (EGF) [96], basic fibroblast growth factor (bFGF) [97, 98], and vascular 
endothelial growth factor (VEGF) [99] have been studied as they can enhance pro-
liferation, migration, and angiogenesis. In vivo, growth factors are continuously 
bound and released from the ECM [100]; therefore, the impacts of adsorption and 
tethering of these elements to surfaces to determine if efficacy and bioactivity can 
be retained have been investigated. Gradients of morphogenetic proteins are also 
involved in differential gene expression that determines cell fate [101]. The pro-
teins tenascin, thrombospondin-1, and osteonectin/secreted protein acidic and rich 
in cysteine (SPARC) are of interest as they are known to control cell detachment 
from the ECM in wound healing and are also implicated in tumorigenesis [102–
104]. Although not currently studied in conjunction with bioactive surfaces, these 
proteins could be useful in promoting and controlling cell migration and should be 
considered when creating biomimetic materials [86].

18.2  Surface Functionalization

As discussed in the previous section, many aspects of the ECM influence cell be-
havior. To create biomimetic surfaces, one must be able to functionalize surfaces 
with peptides and proteins of interest. There are countless methods and techniques 
used to link biomolecules including ECM-associated peptides, proteins, and growth 
factors to material surfaces [105, 106]. Even the simplest studies investigating the 
influence of ECM properties on cell behavior often involve advanced fabrication 
techniques. Biomimetic surfaces created using laser scanning lithography (LSL) 
[107–111], microcontact printing (µCP) [112], microfluidic devices [113, 114], and 
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block copolymer micelle nanolithography (BCMN) [115] as well as others have al-
lowed researchers to study the influence of various surface-displayed biomolecules 
on cell behavior. Peptides are often covalently linked to surfaces via an amide bond 
between a carboxylic group on the substrate, and the N-terminus of the peptide [93], 
although many other bioconjugate methods applying various functional groups ex-
ist [116]. To investigate the spacing or size of ECM components on integrin spacing 
or adhesion site growth and maturation, it is crucial to possess subcellular control 
over how the ECM is displayed. Many techniques for high-resolution control of 
patterned ECM components have been developed and a few are discussed here. 
For sub-100-nm resolution patterning of proteins, dip-pen nanolithography allows 
alkanethiol self-assembled monolayers (SAMs) to be formed on a gold surface by 
direct writing with a SAM-coated atomic force microscope (AFM) tip. The self-as-
sembled monomers are delivered to the surface via transport, the surrounding non-
patterned areas functionalized with a nonadhesive SAM, typically a poly(ethylene 
oxide) (PEO)-terminated SAM, and protein is adsorbed to the patterned SAM 
providing a means to create high-resolution, subcellular-sized patterns of ECM 
components [117, 118]. Nanosphere lithography also allows for sub-100-nm to 
micrometer-sized patterning of ECM proteins and direct control over adhesion site 
growth, spacing between adhesions, and adhesion site density [119, 120]. BCMN is 
a method for patterning gold nanoparticles, which can be functionalized with single 
cyclic RGD peptides allowing for ligation of single integrins in desired locations. 
LSL can be applied to pattern a wide variety of proteins and peptides, works in 2D 
and 3D applications, and relies on laser-induced photocoupling of biomolecules to 
hydrogels or photothermal decoupling of SAMs on metallic surfaces [107–111]. 
Regardless of the method used when adsorbing or linking biomolecules to the sur-
face of a material, it is important to note how these processes impact the structure 
and presentation of the proteins and ligands as these elements can further impact 
binding events [67, 68].

18.3  ECM Mimetic Surfaces

The physical spacing and clustering of ligands is of importance to cells. To vary the 
magnitude of cell adhesion, one can vary integrin expression level, integrin–ECM 
binding affinity, or ECM ligand surface density [66] and spacing. In vivo, differ-
ent ligand densities and spacing can be optimal for different cellular processes, as 
integrin ligation controls intracellular signaling events [49, 54, 55]. Furthermore, 
if ligands are clustered at the appropriate spacing, integrins will cluster, thereby 
allowing stable adhesion formation and maturation [48]. Along with specific me-
chanical and chemical composition, it is important to note that the ECM can contain 
various structural features that correspond to the type of cells it is supporting [121]. 
The scale of these structural features varies from the nano- to microscale, with the 
arrangement and orientation of fibrillar fibronectin and collagen networks largely 
impacting how the ECM interacts with cells in tissues [122]. As an example of 
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how surface mimicry is important to cell migration, collagen-coated surfaces with 
and without D-periodicity were studied [123]. Collagen contains a banding pattern 
every 67 nm called the D-period; collagen prepared in the absence of potassium 
ions forms without banding. Cell orientation and direction of motion depend on the 
D-period where cells move parallel to the collagen fibers with the D-period, while 
cells cultured on collagen fibers without the D-period exhibit random motion. Thus, 
the D-period is an essential structural feature of the ECM for directional fibroblast 
migration [123]. To mimic these nanoscale structural elements in ECM proteins, 
several approaches have been developed for altering ligand density, cluster size, 
and integrin spacing including PEO bioconjugation [124, 125], BCMN [69, 92, 
115], and nanopatterning [119, 120]. Using these structured materials, one can in-
vestigate the influence of integrin spacing or adhesion site growth on cell adhesion, 
migration, differentiation, and proliferation. To obtain surfaces with various spacing 
of RGD-modified PEO in a brush layer, the ratio of polystyrene-PEO-maleimide 
and polystyrene-PEO in a polystyrene homopolymer can be varied. The maleimide 
group can be reacted with cysteine-GRGDS or cysteine-GRGES peptides to vary 
the surface density of RGD to investigate the influence of RGD spacing on cell fate. 
Migration rates for human bone marrow mesenchymal stem cells (hMSCs) were 
fastest when the RGD peptides were spaced at 50 nm [125]. As lateral spacing of 
RGD was increased, cells displayed a more adipogenic morphology, while at small-
er lateral spacing, the cells were more osteogenic [125]. These results indicate that 
simply altering integrin packing density can have a profound influence on cell fate. 
A similar bioconjugation technique varied the ratio of peptide-modified, YIGSR in 
this case, star-PEO molecules, to unmodified star-PEO molecules, and the number 
of peptides per star-PEO to obtain surfaces with varying ligand densities and spac-
ing to control integrin clustering [124]. Using this approach, the impacts of peptide 
spacing and density can be decoupled. By increasing the cluster size of the adhesive 
ligand, similar cell migration rates can be obtained with a lower overall surface 
density. The ligand clusters created in this manner, however, are randomly spaced, 
and thus the surfaces can have areas with larger ligand clusters if two or more func-
tionalized star-PEO molecules are in close proximity [124]. In a more controlled 
fashion, integrin spacing can be altered by depositing gold nanoparticles onto a sur-
face using BCMN [115]. BCMN relies on the self-assembly of diblock copolymer 
micelles around small gold particles; these micelles are then dip-coated onto a sub-
strate. After the micelle-coated substrate is subjected to plasma treatment, the gold 
particles remain on the surface [115]. After gold nanoparticle deposition, the open 
spaces on the surface are backfilled with PEG, and the particles functionalized with 
a cyclic RGD. The backfilling of PEG accounts for any topographical features on 
the surface, as the thickness of the PEG layer can be set to match the diameter of the 
nanoparticles to create a patterned surface free of topography [115]. Cells on these 
surfaces migrate along ligand gradients toward areas with denser ligand concentra-
tion [92]. This patterning approach was also implemented to determine the criti-
cal distance between individual RGD groups and subsequently integrin spacing for 
mesenchymal stem cell (MSC) adhesion. It was determined that a minimum integ-
rin spacing of approximately 70 nm is needed for cell adhesion and spreading with 
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cells unable to effectively spread above that threshold [44]. The same integrin spac-
ing was previously reported for both osteoblasts and fibroblasts indicating a univer-
sal distance needed for tight integrin packing to support adhesion formation [126]. 
It is suspected that this spacing reflects the distance between the integrin β-subunit 
binding domains of the talin1 protein [127]. BCMN can also be used to create dis-
ordered and ordered arrays of RGD functionalized gold nanoparticles against a non-
adhesive background. Disordered arrays of cyclic RGD were able to support cell 
adhesion above the 70-nm interligand distance. When ligand spacing is ordered, 
and above 70 nm, minimal potential exists for integrin clustering; however, when 
ligand spacing is disordered, and above 70 nm, there is more potential for ligands 
to randomly be close enough for integrin clustering and stable adhesion formation 
[69]. Similarly, gold palladium nanodots can be deposited in defined clusters using 
nanoimprint lithography [128]. These cyclic RGD functionalized nanodots were 
utilized to investigate both the spacing between integrins and number of integrins 
per adhesion on cell migration. For 3T3 fibroblasts, it was determined that at least 
four nanodots per adhesion were required to achieve almost a threefold increase in 
the number of adherent cells compared to when only two or three nanodots existed 
per cluster. The optimal interdot spacing in a cluster was determined to be approxi-
mately 60 nm. The global density of nanodots did not impact cell spreading when 
the distance between nanodots in each cluster was held constant at 60 nm, indicating 
that the ability to cluster integrins is more important than the global ligand density 
in inducing stable adhesion and cell spreading [128]. Similar results were achieved 
using nanopatterned surfaces created with nanosphere lithography. It was demon-
strated that local ligand density is more important than global ligand density in 
supporting cell adhesion and proliferation using nanopatterned surfaces displaying 
patterned fibronectin [120]. Interestingly, while nanopatterns ranging from ~ 100 
to 1500 nm all supported adhesion and proliferation, cell migration was 4.8-fold 
faster on 100-nm-sized patterns [119]. Additionally, an exponential decay in cell 
migration with increased pattern size was observed indicating that stable adhesion 
formation retards migration [119]. All of these studies indicate that the formation of 
stable adhesions is crucial in cell attachment, spreading, and proliferation and that 
inducing unstable adhesion via increased integrin spacing or limiting adhesion site 
growth can induce highly migratory cell behavior. Findings from these high-resolu-
tion, nanopatterned biomimetic materials provide much insight into the influence of 
ECM nanoscale structure and organization on cell behavior and a means to locally 
control cell function via adhesion site manipulation. Using these highly structured 
surfaces, one may be able to spatially control cell migration, proliferation, and dif-
ferentiation providing a single platform to investigate many aspects of cell fate as a 
function of ECM properties.

ECM composed of fibrillary proteins often contains well-organized topography 
that cells recognize and respond too. Various approaches to mimic these native pro-
tein structures exist. When grooves exist on the surface of a material, cell migration 
in the direction parallel to the grooves is often significantly higher than migration 
perpendicular to the grooves; cells migrating on grooved structures prefer to orient 
and migrate in the direction of the grooves; thus, grooves can be seen as guiding 
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cell motion [74, 129, 130]. Cells typically orient more with increasing groove depth 
and orient less with increasing groove width and pitch [131]. Using this knowledge, 
topographic features have been implemented to guide vascular organization of hu-
man endothelial colony forming cells (ECFCs) by creating fibronectin patterned 
polydimethylsiloxane (PDMS) micropillars. The micropillars induce the cells to 
align in a single-cell chain manner [132]. Different cell types are not equally sen-
sitive to topographical features; endothelial cells (ECs), human fibroblasts cells 
(FCs), and smooth muscle cells (SMCs) all behave differently on identical grooved 
structures in PDMS. FCs show much higher alignment and directional migration 
than ECs and SMCs [133]. These results indicate that surface topography acts as 
another parameter that must be controlled or that can be utilized in inducing desired 
cell behavior.

While the influence of ECM proteins, ECM-derived peptides, or topography on 
cell behavior has been discussed, it has been shown that ECM-bound growth fac-
tors play a role in cell fate also. Methods to increase wound healing and endothelial 
tubule formation for tissue vascularization have been developed using combina-
tions of ECM proteins and ECM-associated growth factors [99, 134]. ECs cultured 
on hydrogel surfaces co-patterned with RGDS and VEGF in 35–70-µm-wide strips 
undergo more tubulogenesis compared to hydrogels patterned with RGDS alone, 
indicating that matrix-bound VEGF plays a significant role in EC function [99]. The 
strips of ligand and protein are important for cells to align and form cords or prevas-
cular structures [134]. To improve wound-healing capabilities, fibrin matrices have 
been engineered to contain a multifunctional recombinant fragment of fibronectin 
that has the ability to bind fibrin for incorporation into a fibrin matrix, interact with 
integrins for cell adhesion, and promiscuously bind growth factors [135]. Migration 
of SMCs, ECs, and MSCs were all enhanced when the growth-factor-binding com-
ponent was incorporated [135], indicating that bound or conjugated growth factors 
can also be considered in cell engineering applications with biomimetic materials. 
These matrices were also tested for their wound-healing capabilities in skin and 
bone; cell staining showed rapid cell migration into the enhanced fibrin matrices 
and significant improvement in wound healing than when growth factors were de-
livered in a standard fibrin matrix [135]. A similar study using the growth-factor-
binding component was completed using a composite PEG synthetic fibrin-mimetic 
matrix beneficial for its more likely straightforward path to clinical approval [136]. 
Due to the likely engineering benefits of incorporating matrix-bound growth fac-
tors, some growth factors have been genetically engineered to contain a domain of 
placenta growth factor-2 (PlGF-2) to increase affinity for ECM proteins [137]. The 
ability to incorporate surface-bound growth factors with desired ECM properties 
opens new avenues for cell engineering research.

Aside from substrate biochemical properties, the mechanical properties of a ma-
terial have a profound influence on cell behavior [72, 73, 79, 138–145]. In vivo, 
cells experience regions of various stiffness corresponding to associated tissues 
[73]; muscle ranges from 3 to 6 kPa, and arteries range from 24 to 45 kPa [146], 
whereas brain tissue has stiffness values at several hundred pascals, and tendon and 
cartilage in the megapascal range [139]. Furthermore, stiffness gradients exist at the 
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interface between ligaments, articular cartilage, and bone; bone composition itself 
is also highly variant with sections ranging from compact to spongy [70]. In order to 
control cell behavior on biomimetic materials, it is important to consider mechani-
cal properties as well as chemical properties. Investigating substrate stiffness on cell 
behavior, however, has found difficulty in decoupling stiffness from other material 
properties, as altering the substrate stiffness of a native ECM material can also in-
fluence ligand availability and pore size [8, 138]. Fortunately, the use of synthetic 
hydrogel matrices has allowed scientists to overcome some of these limitations; 
synthetic hydrogels allow for decoupling of matrix stiffness and ligand density but 
they cannot overcome variations of pore size and density associated with materials 
of variant stiffness [8, 138, 142]. It has been demonstrated that substrate stiffness 
can influence a number of cell fate decisions including migration and stem cell 
differentiation. For example, stiff substrates (> 40 kPa) prove to induce osteogen-
esis, medium stiffness substrates (~ 10 kPa) induce myogenesis, and soft substrates 
induce adipogenesis and neurogenesis [27, 42]. However, surface porosity may al-
ter and attenuate the effects of substrate stiffness. To modulate substrate elasticity 
of gels, the substrate cross-linking can be modified by adjustments in molecular 
weight or weight percent [147, 148]. On gel substrates, increased elastic modulus 
decreases the porosity, which may increase cell contact area [8, 149]. However, soft 
porous substrates have much larger pores than their stiff counterparts and therefore 
allow for less cell contact area [8]. Conversely, on nonporous substrates, the cell 
contact area is preserved and all samples tend to induce osteogenesis regardless of 
stiffness [8]. This indicates that cell contact area also influences stem cell differen-
tiation and that materials used for such experiments must be well characterized to 
determine which parameters are influencing cell fate decisions. Although stiffness 
and porosity may conflict, cells patterned with high aspect ratios on soft substrates 
still tend toward osteogenesis [150]. Earlier methods approaching this problem in-
volved the combination of synthetic and native substrates [151]. By using shaded 
patterns laser-printed on transparency slides [152] or a microfluidic gradient maker 
[153], polyacrylamide hydrogels were photopolymerized with graded stiffness. Us-
ing a layer of collagen covalently linked to the top of the gradient hydrogel, cells 
are exposed to a surface with uniform molecular composition, but they can sense 
the stiffness gradient of the underlying material. Thicknesses of various layers do 
have an influence; studies have been performed to determine how deeply cells can 
sense their substratum [154, 155]. Bovine vascular SMCs cultured on these combi-
nation surfaces migrate slightly faster on softer gels than on stiffer gels; however, 
cells migrate toward and accumulate in stiffer regions [151]. Normal rat kidney 
epithelial cells, NIH 3T3 fibroblasts, and bovine pulmonary arterial ECs also show 
increased motility on soft surfaces and accumulate in stiffer regions [72, 140, 156, 
157]. Likewise, using combinations of soft and stiff materials, pieces of glass have 
been embedded in polyacrylamide hydrogels of varying thickness [146]. The thick-
ness of the overlying hydrogel determines how stiff the material appears to cells, 
due to the close proximity of the underlying glass. When cells are cultured on thick-
er hydrogels, the cells lose the ability to sense the glass, and the material appears 
more compliant. One can also vary the substrate geometry to create gradients and 
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steps in stiffness. Using this approach, the overall pore size and material density 
remain constant while the apparent stiffness is altered. This assay could be applied 
to study cell migration due to substrate stiffness with a wide range of hydrogel ma-
terials and cell types [146]. Material stiffness can also be studied in how it relates 
to cancer cell migration. Explained by metastasis, mammary epithelial cells have 
been shown to be more ignorant of material stiffness as they transition from being 
non-transformed to fully transformed [158]. These results indicate that cells sense 
both biochemical and mechanical properties of ECM mimetic materials providing 
a large set of parameters researchers can utilize to develop engineered materials to 
guide cell fate decisions.

18.4  Utilizing Single-Cell Patterns to Regulate Spreading, 
Shape, and Cytoskeletal Tension

While the previous section discussed biomimetic materials that recapitulate in vivo 
ECM properties, this section discusses the implementation of patterned ECM for 
the creation of single-cell patterns that can be implemented to induce a desired 
cellular response. Culturing cells on engineered surfaces that present an array of a 
patterned ECM protein in a user-controlled, well-defined geometry against a bio-
logically inert background has proven to be a viable method to create a more ho-
mogenous cell population during in vitro culture [159, 160]. These surfaces not only 
allow for the manipulation and investigation of individual cells but also, through 
arraying, allow for the generation of a large population of single cells to be inves-
tigated simultaneously [109, 159–161]. Culturing cells on ECM patterns of vary-
ing size or geometry allows for a high level of control over many cell properties 
including the extent of spreading [159, 162], shape [163, 164], and adhesion site 
arrangement with respect to size, spacing, and shape [120, 165–168]. Manipula-
tion of these properties has been implemented to influence cell morphology [163, 
164], cytoskeletal organization [169], the distribution of intracellular components 
(nucleus, centrosome, Golgi apparatus) [163], and cell polarity [163, 164], and to 
manipulate the extent of cytoskeletal tension generated in cells in order to modulate 
their behavior [159, 160, 162, 166]. For example, modulation of the extent of cell 
spreading was used to regulate hepatocyte function [162] and to direct lineage-
specific MSC differentiation [159]. Similarly, regulation of cell shape, while main-
taining a constant spread area, was implemented to guide lineage-specific MSC 
differentiation [160]. Variations of contact area and cell shape influence stem cell 
differentiation independently. Cells with large spread areas lead to greater osteo-
genesis [37] or myogenesis [18], while those with restricted cell spreading lead to 
greater adipogenesis [37] or chondrogenesis [18]. However, differences in lineage 
commitment are also seen in different shapes with the same spread area. Cells with 
high aspect ratios tended toward osteogenesis or neurogenesis, while those with the 
same spread area but an aspect ratio closer to one tended toward adipogenesis [37]. 
Additionally, cells of matching spread area with concave shapes and protruding 
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features also tend toward osteogenesis, while their rounded counterparts tended to-
ward adipogenesis [23]. Protruding features create a cusp that allows for anchorage 
of many stress fibers, resulting in a potential increase in contractility and isometric 
cell tension than those with rounded features [170, 171]. Increased cellular ten-
sion alters cell signaling through force-mediated pathways [37] which act largely 
through myosin II isoforms [42]. Force-mediated differentiation is also the center 
of the “differential adhesion hypothesis” which suggests that different cell lineages 
have different numbers and compositions of adhesion proteins [172]. Cells cultured 
on substrates of matching elastic moduli and shape can differentiate into distinct 
mature lineages through use of different adhesive ligands [43]. Collagen induces 
greater neurogenesis, while laminin induces greater adipogenesis [173]. Surface 
chemistry alters cell fate as adhesive proteins ligate different integrins resulting in 
the activation of different signaling cascades [15, 43]. Cell shape, tension, substrate 
elasticity, and adhesive ligands are all able to dictate stem cell lineage commitment 
individually, under different conditions. However, these various factors may have 
some crosstalk. Therefore, biochemical and biophysical cues must work synergisti-
cally to create microenvironments to induce lineage-specific stem cell differentia-
tion [174].

In addition to stem cell differentiation, patterned surfaces that regulate single-cell 
properties have been implemented to regulate cell proliferation. Cell–cell interac-
tions were originally thought to arrest cell proliferation as cells plated at low density 
proliferated, while high-density populations arrested proliferation [37]. Although 
accurate, this observation overlooked the ability of low-density populations of cells 
to spread, while high-density populations cannot [37]. In cells with restricted spread 
area, having multiple cell–cell interactions arrested proliferation [36]. However, 
cells with restricted spread area but only one cell–cell interaction proliferated [39] 
revealing a regulatory role for cell–cell interactions in proliferation. Cell–cell in-
teractions regulate proliferation first through rearrangement of cell cytoskeleton, as 
adherens junctions serve as cytoskeletal anchorage points for the similar to adhe-
sion sites for cell–substrate interactions [175]. Likewise, these adherens junctions 
stimulate signaling cascades some of which, inclusive of RhoA [36], PI3K [38], and 
Rac1 [175], are known to induce proliferation. Wells that restrict cell spreading can 
be created by using capillary action to wick a polymer precursor solution between a 
PDMS master and a functionalized surface [36, 38, 39]. The precursors are thermal-
ly polymerized and the PDMS master removed to reveal wells. To alter the shape of 
the wells, new PDMS must be fabricated, either using replica molding or traditional 
photolithography [176]. Wells with simple geometries will collect one cell per well 
with passive seeding. For complex patterns where passively seeded cells will over-
populate the pattern, small electrodes can be included to act as electrical traps and 
ensure the collection of the desired number of cells [36]. Similar to observations 
of high and low plating density [37], cells cultured on adhesive surfaces tend to 
proliferate when spread, but arrest proliferation when cell spreading is restricted 
[25, 177]. Similar to cell spreading area, restricting adhesive area also arrests pro-
liferation [24, 44]. Adhesion sites not only act as the interface between surfaces and 
cells but also aid in tension generation, and activate kinases [178], such as focal 
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adhesion kinase [25, 179, 180] and src [181] under high adhesive states and stimu-
late cell proliferation. The ability to modulate cell behavior through regulation of 
cell spreading or shape stems from differences in the amount of cytoskeletal tension 
generated in cells as dictated by the pattern size or geometry [159, 160]. While the 
specific force-sensitive proteins that regulate cytoskeletal tension-mediated control 
over intracellular signaling remain elusive, it is known that RhoA’s influence over 
ROCK-mediated myosin contraction of actin stress fibers is the main regulator of 
tension generation [159], and cells with higher levels of intracellular tension display 
larger adhesion sites [159, 160, 182], more prominent actin stress fibers [159, 160, 
182], increased JNK and ERK activation [160], and elevated Wnt signaling [160]. 
These results indicate the importance of cytoskeletal tension in determining cell 
behavior and that modulation of cellular tension can make cells more sensitive to 
[160] or override soluble signals [159]. Following this train of thought, a new bio-
mimetic, cell-derived patterning technique was recently developed that allows for 
direct recapitulation of the morphology or adhesion site arrangement of user-chosen 
cells of interest [109]. Rather than implementing simple geometries, cell-derived 
patterning implements images of the cells of interest as templates for pattern for-
mation resulting in direct recapitulation of the shape, adhesion site arrangement, 
and cytoskeletal architecture of user-chosen cells of interest [109]. As single-cell 
patterns become more sophisticated, tighter control over cell shape, adhesion, and 
cytoskeletal tension will allow for more thorough investigations of these properties 
on cell fate decisions and potentially lead to biomimetic surfaces that allow for di-
rect control over cell phenotype.

18.5  Surfaces that Mimic Cell Surfaces

Another prevalent signaling source that regulates cell fate is communication be-
tween cells in close proximity: juxtacrine signaling. These signals are transmitted 
through interactions of transmembrane or membrane-bound proteins on adjacent 
cells. Tight junctions between adjacent epithelial cells serve as highly imperme-
able adhesions and help separate fluids on the apical side from the underlying basal 
membrane, thereby promoting cell polarization and control over soluble factor 
transport [183]. Cadherins, cell–cell adhesion proteins that are intracellularly linked 
to actin, are responsible for forming adherens junctions between adjacent cells 
that mediate cell–cell recognition, maintain structural integrity, and assist in some 
forms of cell migration [184]. More specialized juxtacrine signals include immu-
noglobulins and their ligands, such as major histocompatibility complex (MHC)/T 
cell receptor (TCR) complexes between T cells and their target antigen presenting 
cells (APCs) [185], and gap junction proteins, such as connexins used in synaptic 
communication between neurons [186]. Each of these communication modalities 
has been shown to initiate signaling cascades within cells leading to changes in 
cell morphology or differentiation states [187–191] and each bring their own set of 
challenges when attempting to model them in vitro. A major challenge in designing 
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a system that mimics the surface of a cell at a cell–cell junction is the presentation 
of the membrane proteins that regulate junction formation such that their function 
is preserved. This is due, in part, to the fact that many of these membrane proteins 
contain extracellular, transmembrane, and intracellular domains, and therefore may 
misfold and lose functionality when on a surface. To address this issue, a variety 
of conjugation methods have been developed to present truncated versions of these 
membrane proteins such that their activity is preserved and active domains remain 
accessible [192–195]. As an alternative, synthetic lipid-based membranes have also 
been developed to more closely mimic the presentation of these proteins in vivo 
[190, 196–198].

18.6  Biomimicry of Cell–Cell Contacts on Substrates

These methods involve passive adsorption or covalent linking of a protein or pro-
teins of interest onto a substrate with controlled concentration and/or spatial pre-
sentation. One of the most straightforward methods to pattern protein is µCP [176]. 
An elastomer stamp, typically PDMS, is fabricated by curing against a photolitho-
graphically generated master. The surface of the stamp is inked with the desired 
protein solution, rinsed, dried, and brought into contact with the substrate, creating 
a pattern of protein matching the features on the stamp [176]. Successful pattern-
ing resolutions of several microns [199] up to several nanometers have been re-
ported [200]. The nature of this method often promotes the use of truncated proteins 
containing only the extracellular domains of the original construct linked to an Fc 
region derived from an antibody; this minimizes the possibility of generating mis-
folded or inactivated ligands. The included Fc region allows for controlled and spe-
cific binding to the target surface as long as an Fc binding protein, such as Protein 
A or Protein G, is present. This methodology has been implemented to examine N-
cadherin, E-cadherin, Neurexin, and many other extracellular domains of cell–cell 
contacts [194, 196, 201, 202]. In some cases, the spatial organization of multiple 
proteins in cell–cell junctions has been shown as a necessary precursor to some sig-
naling cascades; therefore, it is often of interest to generate surfaces that allow for 
spatial patterning of multiple proteins in close proximity with each protein confined 
to its own pattern. Multiple rounds of µCP have been employed to spatially pat-
tern multiple proteins to examine competitive effects or spatial display on cell–cell 
junction formation and cell activation [199]. For example, patterns of poly-l-lysine 
for neuron adhesion have been patterned along with the juxtacrine factors L1 or 
N-cadherin, which are essential for axon and neuron development, to compare the 
effects of both [203]. Additionally, laser-based methods have been implemented to 
pattern multiple proteins [107, 204, 205]. These approaches utilize digital masks 
to control laser position during patterning rather than the physical masters needed 
for µCP, allowing for quick changes to pattern design. Additionally, complex and 
image-derived patterns can be achieved [107, 204]. All of the aforementioned pat-
terning methods are fundamentally limited for use in cell–cell contact studies since 



556

the patterned proteins are not mobile as would occur in a cell membrane in their 
non-ligated states.

One major limitation of many patterning methods is the inability to mimic the 
more complex functionalities of membrane-associated proteins at cell–cell junc-
tions. At these junctions, receptor–ligand pairs not only respond to each other but 
also often undergo conformational or spatiotemporal changes made possible by the 
fluidity and support of a lipid bilayer. Supported lipid bilayers (SLBs) are biologi-
cally inspired lipid-based surfaces that can mimic the fluidity of the cell membrane 
[206]. SLBs allow for the exploration of directed accumulation and dissipation of 
membrane-bound proteins involved in cellular processes, such as cadherin-depen-
dent directed cell adhesion and migration [196], T cell activation [190, 199], and 
other membrane-dependent events. In the simplest lipid bilayer system, two separate 
chambers of an aqueous phase (most often a saline buffer solution) share an edge 
containing a small aperture (100 µm–1 mm) upon which the membrane will be de-
posited. The first synthetic lipid bilayers were created by “painting” a lipid solution 
(typically a suspension of phospholipids in some nonpolar organic solvent, such as 
decane) over the aperture [207]. This “painting” can be accomplished using a small 
painter’s brush or by generating a lipid suspension over the entire aqueous phase 
and subsequently lowering and raising the aqueous phase about the aperture; each 
cycle performed in this way adds an additional monolayer to the membrane. Inclu-
sion of electrodes within the saline chambers allows for the measure of changes in 
an electrical resistance of the membrane when a current passes through aperture. In 
this way, the lipid membrane—often referred to as black lipid membranes due to 
their appearance under the microscope—can be probed to investigate the adsorption 
of a variety water-soluble macromolecules. Although not all additions affect the re-
sistance of the membrane, this is a common method to test for successful membrane 
modification, especially for ion-permeable additions such as channel proteins. The 
implementation of black lipid membranes is somewhat hindered due to their rela-
tive instability and to the limited scope of analytical tools available when compared 
to other methods utilizing synthetic membranes. SLBs address these shortcomings 
and often provide a much broader range of applications. SLBs are most commonly 
produced by the deposition and subsequent fusion of unilaminar or multilaminar 
lipid vesicles on the surface of a well. A variety of methods to generate SLBs ex-
ist as well as substrates on which to generate them [208–211], but they all share 
the same important features. To generate an SLB, the supporting surface must be 
smooth, clean, and hydrophilic. Contaminants or defects on the surface not only 
complicate characterization of the membranes but also compromise the integrity 
of the membranes themselves. As with the black lipid membranes, SLBs have a 
liquid phase on either side. Once the supported membrane has formed, a thin layer 
of water is suspended between the substrate and membrane. The depth of this layer 
typically falls between 20 and 40 Å [212]. As a result, the incorporation of trans-
membrane proteins with membrane protrusions larger than 20–40 Å may lead to 
contact between the protein and substrate, potentially resulting in misfolded intra-
cellular or extracellular domains. To address this issue, SLBs have been generated 
on substrates functionalized with a polymer scaffold [213, 214]. The scaffold serves 
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as a cushion for the bilayer and provides a less rigid contact surface for proteins sus-
pended within the membrane. Phospholipids chemically cross-linked to the poly-
mer cushion can provide additional stability for supported bilayers. Much of the 
novelty of supported bilayer systems is generated from the plethora of compositions 
and chemistries available. Within the cell membrane, diversity is present not only in 
the associated proteins but also in lipid composition and organization. This diversity 
is necessary for cellular activity, and its organization plays roles in processes span-
ning from cell division to apoptosis. As a result, synthetic membranes must often 
involve the incorporation of lipids based on the process being studied. Lipids have 
been designed specifically for facilitated incorporation of truncated proteins. One 
example is biotin-conjugated lipids, commonly called “biotinylated” lipids. Biotin, 
also vitamin H or coenzyme R, is a cell-derived metabolic cofactor involved in 
several critical metabolic pathways. Its use in synthetic membranes, however, stems 
from a high non-covalent binding affinity to the protein avidin. Functionalizing a 
lipid with biotin and fusing the target protein with avidin facilitate the incorporation 
of select proteins to the cell membrane. The same outcome can be achieved through 
incorporation of metal-chelating lipids, such as nitrilotriacetic acid, which binds 
ionic nickel. A histidine-tagged protein can then form a non-covalent attachment to 
nickel allowing for tethering of the His-tagged protein to the membrane [215, 216].

18.7  T Cell Activation Using Biomimetic Surfaces  
for Cell–Cell Contacts

The activation of T cells using biomimetic surfaces that mimic APCs is of great 
interest in immunology. One of the goals of this research is developing a method to 
prime T cells in order to jump-start the immune system of patients who are unable 
to sufficiently mount the appropriate response to an infection [217, 218]. T cell ac-
tivation itself occurs naturally when migrating T cells encounter an APC presenting 
antigen on extracellular MHC [219]. T cells bind MHC with TCR, and this binding 
triggers a T cell activation event leading to the release of various chemokines and 
growth factors, thereby initiating an immune response. Theoretically, new thera-
pies could be developed for patients involving transplantation of activated T cells, 
assisting the patient’s immune system and promoting natural defenses against a 
particular pathogen. Although many of the steps and components involved in this 
process have already been elucidated [220, 221], the exact mechanisms by which 
the process initiates and proceeds are not well understood. Immediately upon bind-
ing antigen presenting MHC, both the T cell and APC begin a process of actin-
mediated accumulation of various membrane receptors to the binding site [221]. 
This site has been characterized into two distinct regions that form a bull’s-eye-like 
pattern. The inner region, referred to as the central supramolecular activation com-
plex (cSMAC), contains the TCR/MHC complex, as well as other associated pro-
teins, and is surrounded by an outer region, the peripheral SMAC (pSMAC), which 
contains the ligand/integrin complex ICAM-1/LFA-1 (APC/T cell) used for T cell 
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adhesion to the APC [198, 220–222]. It has been shown that both regions play a 
role in T cell activation, and that certain components are relocated from the cSMAC 
to the pSMAC during the activation process. In recent years, several groups have 
used various methods to study various elements of the complex juxtacrine signaling 
that occurs during T cell activation. Using a μCP technique on a solid substrate, it 
was demonstrated that the organization of pSMAC components, the ligand–recep-
tor pair CD80 (APC)/CD28 (T cell) had a major influence on the strength of a 
T cell response [199]. An Fc-coupled activating anti-CD28 was stamped onto the 
substrate in controlled patterns. The spacing of these patterned followed the scale of 
patterns typical of cSMAC and pSMAC spacing within the immunological synapse 
[199]. It was shown that when TCR and CD28 on the T cell were activated and 
IL-2 secretion was observed only when CD28 was deposited in regions analogous 
to a pSMAC, indicating spatial presentation of these ligand/receptor pairs plays 
a role in T cell activation. It was then shown that the stiffness of the substrate on 
which these ligand–receptor pairs were presented had a positive correlation with 
IL-2 secretion within the 10–200-kPa range [223]. Building on these findings, it 
was hypothesized that the mechanism dictating the spatial dependence of these li-
gands was the lateral mobility of proteins in the membrane involved in downstream 
signaling, such as Lck [224]. Using a BCMN method [225] to control presentation 
of an anti-CD3 activating antibody, it was shown that controlling the concentration 
of the ligands present during the immunological synapse formation also plays a role 
in the strength of an immune response, as seen by increasing expression of IL-2 and 
CD69 [226]. Later, another group designed an SLB system for high-throughput sin-
gle T cell activation by creating a chip with an array of nanowells of approximately 
30 μm [190]. Within these SLBs, they utilized biotin chemistry to incorporate anti-
CD3 and MHC and incorporated ICAM-1 using a his-tag. T cells deposited in these 
nanowells formed T cell activation complexes, and the group was able to observe 
the process of this activation on an SLB. The ability to mimic cell surface fluidity 
and molecular composition adds another layer of control in generating biomimetic 
surfaces for cell engineering. These cell-surface mimetic materials will continue to 
increase our knowledge of how cell–cell interactions regulate cell fate, potentially 
impacting many areas of cell engineering.

18.8  Summary

The implementation of biomimetic surfaces to regulate cell function is still in its 
infancy. While a multitude of environmental factors that regulate cell function ex-
ist, it still remains a mystery as to which ones dominate basic cell function. From 
a fundamental biology perspective, biomimetic materials have shed light on which 
factors regulate cell fate decisions and will continue to provide insight into these re-
lationships. From a cell engineering perspective, there are many environmental fac-
tors that can be recapitulated in in vitro environments, but knowing which ones to 
utilize for specific applications remains difficult. As biomimetic materials advance 
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further, new insights into both fundamental biology and cell engineering applica-
tions will be discovered leading to revolutionary new treatments and in vitro models 
for disease management.
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