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Abstract

Materid¥ s hat exhibit tailored interactions with cells are a cornerstone of biomaterial
and tissue epgineering technologies. One method of achieving these tailored interactions is to
bio ﬁmctioaaterials with peptide ligands that bind integrin receptors present on the cell
surface. Fw cell biology research has illustrated that both integrin binding and integrin
clustering ed to achieve a full adhesion response. This biophysical knowledge has

motivated Chers to develop material systems biofunctionalized with nano-scale clusters

of ligandsgat Eromote both integrin occupancy and clustering of the receptors. These

materials roved a wide variety of biological interactions in vitro including cell

adhesion, prohgation, migration speed, gene expression, and stem cell differentiation; and
utcomes including increased angiogenesis, tissue healing, and biomedical

improved in
device ! This review first introduces the techniques that enable fabrication of these

nano-patt?ed materials, describes the improved biological effects that have been achieved,

and lastly di es the current limitations of the technology and where future advances may
occur. Al his technology is still in its nascency, it will undoubtedly play an important

role in theffuture development of biomaterials and tissue engineering scaffolds for both in

vitro anMpplications.

-

Keywords: na;atterning, multivalent ligands, focal adhesion, cell signalling, biomaterials

This article is protected by copyright. All rights reserved.
2



1. Introduction

Developiﬁ matei'al systems that direct specific cellular behaviours is a major goal of

biomaterims and tissue engineers. Not only are these materials potentially useful as

medical d
N
study of fi#hdamental biological phenomena. For instance, basic material properties of cell

issue scaffolds, but they also generate well-controlled platforms for the

culture su@:uch as chemical composition, stiffness, and topography have been shown
to influence a wade variety of adherent cell behaviours including adhesion, migration, gene
expressio dfffferentiation.!"*! One of the most powerful and promising strategies for
generating advanied biomaterials with tailored cellular interactions is biofunctionalization, a
process byl iologically active components are incorporated into the materials of

interest. [ riately tethered, these components retain their bioactivity, interact with

high specmm receptors located on the cell surface, and drive specific cellular

behaVi§

Integrins are the major family of cell receptors responsible for adhesion between cells and
their external environment, the extracellular matrix (ECM).®'"! In addition to anchoring cell
to their su gs, integrins also connect internally to the cell’s cytoskeleton. Thus,
integrirﬁ critical to a variety of cellular activities such as adhesion, spreading,
cytoske eti orgaijzation, mechanotransduction, and migration. Additionally, integrin

binding is;ary step in multiple intracellular signalling pathways.

(891 For these

reasons, i eceptors are a common target in order to obtain adhesion of specific cell

q@ rial and to promote cell-specific functions.
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In vivo, integrins bind with high specificity to proteins in the ECM such as collagen,

fibronectin, and laminin. However, immobilization of the full protein onto a biomaterial is

R

not always ﬁsary in order to elicit an integrin binding event. Instead, recombinant protein

fragments lypeptide ligands are often sufficient to result in integrin binding. These

protein friments and peptides are often easier to incorporate into materials whilst retaining
their bioac'QOne of the most common recombinant protein fragments utilized in

biomateria is the 7™ to 10" repeat of the fibronectin type Il domain (FNIII;.;o) that

contains awainding site on the 10™ repeat and a synergy group on the 9 repeat.['% %!

Additionally, mamy short polypeptide ligands have been identified including the collagen-

mimic pept] OGER, the IKVAYV peptide derived from laminin, and the TPS peptide
discovere

phage display.l” '*'¥ However, the most common ligand used to engage
integrin rms the RGD peptide that is found in fibronectin and vitronectin.! !> A

detaile iption of the variety of integrin-binding ligands that have been used in

biomaterial a tions is beyond the scope of this contribution. However, several high

quality reviews are available.* 7!

A commoy for generating integrin-binding biomaterials is to synthesize a non-

fouling magemiaisthat is decorated with the ligand of interest. Non-fouling materials include

polyet 1 (PEG); zwitterionic materials, such as sulfobetaine, carboxybetaine, and

phosphor ; and biologically derived materials such as alginate.”*** When exposed to

a physiol ironment, these materials develop a hydration layer with water molecules
presentd queous phase, and this hydration layer prevents adsorption of biomolecules
and subsequent 81l adhesion to the material surface.”® Thus when these materials are
functionalized with integrin-binding molecules and then seeded with cells expressing the

complementary receptor, researchers often observe improved cell adhesion and spreading that
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occurs due to specific interactions between integrin receptors and the peptide ligands. While
there are many instances in the literature where full ECM components such as collagen,
elastin, or onic acid are used to fabricate healthcare devices, it is often advantageous to
work wit nctionalized synthetics. Synthetics are often desirable as they usually
N — - . .
possess improved reproducibility between batches, possess more easily tuned mechanical

properties.g@nd @ge often less expensive to produce at industrial scale. Additionally,
g

functional -fouling materials with specific integrin binding ligands leads to very well
controlledWyrable cell-material interactions that may not be possible when using the
full biomo@For instance, cellular behaviours such as adhesion and spreading respond
signiﬁcanﬂ global surface density of ligand. Messia and Hubbell illustrated that the

adhesion ding of human foreskin fibroblasts increased with increasing surface

density om peptide on minimally adhesive glass substrates up to a saturation point of

1 fmol/gimadesitheo further increase up to 10* fmol/cm?®.?!

However, the presence of the cell adhesive ligands on a material surface alone is not
sufficient *a full cell adhesion response that includes recruitment of key intracellular
proteins afid ation of intracellular signaling as observed through tyrosine phosphorylation
(describedg detail in section 2). Miyamoto et al. illustrated that in addition to the
global ;ce density, the nano-scale distribution of these ligands on the surface — or

the local [} nsity —is also critically important.”® The researchers illustrated that a full

0,

cell adhesi nse requires two criteria to be fulfilled: 1) the integrin receptors must be
occupiqnd and 2) the integrin receptors must be clustered within the cell
membrane. Addfionally, this research illustrated that the nano-scale clustering of ligands on
the material surface aided in achieving both of these criteria.”® Indeed, many ECM
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components present multimeric ligands including polymerized fibronectin and tenacin-C.?”®

However, before this contribution by Miyamoto, the biomaterials community had not

{

appreciate ignificance of multivalency in ligand presentation. This seminal discovery

by Miya & spurred on the development of many cell culture surfaces that enable

[
independemt control over both the global and local ligand surface density. It is these

technologigs, a with the improved biological responses, that are the focus of this review.

G

In section 1s article, we discuss the importance of integrin clustering and the

S

biophysic ch@nisms that underpin these technologies; in section 3 we thoroughly review

the fabrication niques that have been developed in order to generate such advanced cell

U

culture surf; d describe the biological interaction with these materials; in section 4 we

describe t

1

ching biomaterials design principles that we can learn from these studies;

and in secfio opose potential future impacts that this technology may have in the fields

a

of bio jence and tissue engineering.

M

2. Why Integrin Clustering is Critical

{

Integrins are the main family of cell-surface receptors that mediate adhesion between the cell

and the E

O

distinct integrin receptors can be found in humans. All integrin receptors

span the c@f membrane, with a large extracellular domain and a short intracellular domain.

§

The extraggllulargportion of the integrin binds specific amino acid sequences present in the

|

cells’ envi while the intracellular domain usually acts as a link to the cell’s

cytoskelet ure 1A).2

AU

Each receptor is composed of two non-covalently associated glycoproteins, the o and the

subunit. In mammals, 18 distinct o subunits and 8 distinct § subunits have been identified.

This article is protected by copyright. All rights reserved.
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Through different combinations of these subunits the 24 integrin receptors found in humans

can be formed. There is great diversity in both the locations of the integrin receptors in the

human bo! their binding capacity. Some integrin receptors such as asf; are present on
most adhe es as they have a common function of binding the abundant ECM

W . . .
protein ﬁlinectm. »>°1 Other integrin receptors are only present on specific cell types and

have mulepecialized functions such as the o3 receptor that is found on platelets,
my

interacts w olecules such as fibrinogen and von Willibrand factor, and plays a critical
role in planation and blood clotting.*"

>
Integrin rﬁare not stationary within the cell membrane. Due to the fluid-like nature of
the lipid bilayer the receptors can move in relation to one another. In fact, this movement
within the\ggl brane is critical to their function. After the initial integrin-ligand binding
event, nal integrin receptors and a myriad of other cytosolic proteins will be recruited
to the Ee in order to form adhesion complexes. These complexes are dynamic

multi-protein structures that can range in size from nascent adhesions (<250nm) to focal

adhesions ) to streak-like fibrillary adhesions (>5um).*” These complexes can

contain uf @ f 80 different types of proteins. Some proteins present in these complexes

such as talj inculin act in recruitment of additional components, stabilization of the
comple;\ection to the cytoskeleton; others are adaptor proteins such as paxillin,
tensin, an s; and others still are signalling molecules, such as focal adhesion kinase
(FAK) an ily kinases.!">**3%1 A detailed description of the formation, maturation,
and si echanisms of these complexes is beyond the scope of this article; however,

many excellen iews on these subjects can be found here.!*"*!!

This article is protected by copyright. All rights reserved.
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These complexes play a critical role in many signalling pathways that drive a wide variety of
cellular functions. Since integrin receptors act as the link between the extracellular
environ#he cytoskeleton, it seems natural that these complexes act as nexus for
events rel adhesion, morphology, and migration. Indeed, many studies have
illustra‘; ?ntegrins and the complexes they form are critical mediators of these cellular
behaviourﬁg’ 2.4 However, integrins also play a role in the regulation of many other
cellular fun . The most dramatic example is anchorage dependent cells that must be
attached tWrate via integrin interactions in order to survive. This phenomenon was
clearly sh(@ endothelial cells via two mechanisms: 1) when endothelial cells were
detached fr: rface through the addition of the soluble RGD peptide the cells entered
apoptosis,ﬁ‘v

bound no receptors these cells were also susceptible to apoptosis.** Additionally,

Integringsi ing converges with growth factor signalling during cell proliferation.

hen endothelial cells were adhered to a surface through antibodies that

Specifically. ut appropriate integrin signals, cells do not progress from the G1 phase to

[45, 46

the S phase of the cell cycle and thus are unable to proliferate. ] Furthermore, integrin

signallings also critical in cellular differentiation. For example, the differentiation of

myofibro transforming growth factor-f1 was found to be dependent on integrin
signaling vi1 , and recently Gomez-Lamarca et al. showed that epithelial differentiation
is regulat integrins that modulate Notch activity.!*” **

-

When cel:tured on fibronectin, they exhibit a full adhesion response that includes the
formati tegrin-mediated adhesion complexes that contain proteins such as talin, o-
actin, paxillin, ulin, F-actin, and filamin."”*! Additionally, tyrosine phosphorylation
events occur within the complexes illustrating signalling events.’®! A key contribution by
Miyamoto is that integrins must be both occupied by ligands and clustered within the cell

This article is protected by copyright. All rights reserved.
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membrane in order to exhibit this full adhesion response. To illustrate this, fibroblast-like
cells were studied under three different conditions.”® The first set of cells was incubated

with monovﬁ and solubilized RGD peptide. These ligands occupied the integrin receptors

and result or redistribution but minimal tyrosine phosphorylation. The second set
of cells wags incubated with beads coated with a non-inhibitory monoclonal antibody. These
multivalevmact to cluster the integrins within the cell membrane without affecting the

receptors’ to bind a ligand. However, since no ligand was present, these integrins

S

remained cupied. Cells incubated under these conditions showed accumulation of tensin

and FAK and sigmalling through tyrosine phosphorylation. However, only cells that were

b

incubated wi beads and the solubilized RGD peptide mimicked the full adhesion

1

response ultured on fibronectin through the recruitment of all the above-mentioned

cytosolic pro and tyrosine phosphorylation (Figure 1B).**

d

This in, study shed new light on the biophysics of cel/ECM interactions. However,

M

biomaterial scientists and tissue engineers can learn additional lessons from this work. Until

[

this time, ial surfaces were generally randomly decorated with integrin-binding

ligands."’ ew knowledge means that a researcher has the possibility of improving the

function o hering to a biomaterial by engineering interfaces that both occupy integrin

N

recept heir clustering. However, achieving the required nano-scale pattering of

the cell a igands is not a trivial task and requires the development of new materials

Lt

fabricatio ues. The development of these techniques is the focus of section 3 below.

A

3. Fabrication of Biomaterials that Display Multivalent Ligands to Promote Integrin

Occupancy and Clustering

This article is protected by copyright. All rights reserved.
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The canonical method of biofunctionalizing a cell culture surface is to randomly decorate a
non-fouling interface with cell adhesive ligands. In this instance, controlling one parameter,

(Figure 1 er, this random distribution of ligands only promotes integrin

the glolmal# ﬁj of ligands present at the interface, modulates the bioactivity of the surface
occupa:c ?integrin clustering. To generate biomaterials that promote both integrin
occupancygnd @justering, researchers use multivalent ligands, where the ligands are clustered
within a na le “island” (Figure 1D). This change in paradigm provides a biomaterials
scientist Wional variables that can be used to manipulate cell functions. For instance,
instead of simplfWchanging the global density of ligand, the ligands can now be partitioned
into cluster ious sizes to control the local density (Figure 2). This additional level of
control thﬁts questions such as, what is the optimum local ligand density per island?
What is tmm spacing between islands? What is the optimal spacing of ligands within

an isla w cell behaviours can we modulate with this additional level of surface

control? To r these questions, a variety of methods have been developed to control the
nano-scale presentation of integrin-binding ligands on biomaterial substrates. In this review,

we have differentiated these techniques into three main categories as illustrated in Figure 3:

pchniques based on blending of highly functionalized polymer molecules or

o
w

a es with a non-functionalized polymer,

2. i raphy techniques that enable nanometer-scale control and resolution of

in

individuaBintegrin binding ligands, and

U

inant protein techniques

A

The methodologies used to produce biomaterials functionalized with multivalent ligands

are described in Table 1, the key biological interactions with these materials are

This article is protected by copyright. All rights reserved.
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presented in Table 2, and the advantages and disadvantages of each fabrication technique

are compiled in Table 3.

3.1. Bl(:ldlng trategies

The first Lns of materials displaying multivalent ligands were polymeric in nature.
Traditionally, a p@lymer would be synthesized that contains a certain number of reactive

sites, and #0s thesis those reactive sites would be functionalized with ligands (Figure

SC

4A). Cas:ﬂolymer into a thin film or crosslinking the material would result in a cell
culture in

at is randomly functionalized with peptide ligand. To achieve the nano-
scale clusEof the ligands, the researchers took advantage of the nanometer size of
individual molecules. A small portion of polymer would be synthesized with a high
degree of 1ga corporation. These highly functionalized polymers would then be blended
with n:Ealized materials. Upon film casting or crosslinking, an interface that

displa e clusters of multivalent integrin binding ligands is generated (Figure 4B).
The averaﬂacmg between multivalent islands of ligands can be changed by controlling

the blending ratio of functionalized to non-functionalized material. Additionally, controlling

the degre@ionalization of the polymer can change the valency of the ligands.

L
3.1.1. Svaiheotylrs

The first s@ cell culture surface to use multivalent integrin-binding ligands was
generated eshwari et al.*”! This material was comprised of star-shaped polymers with
approxﬁpolyethylene oxide (PEO) arms each (Figure 4). The distal end of each
PEO arm was functionalized to enable covalent conjugation to the amine terminus of

polypeptides. These star molecules are water-soluble, so researchers covalently tethered them

This article is protected by copyright. All rights reserved.
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to a crosslinked PEO hydrogel substrate to produce biofunctionalized cell culture surfaces.
The PEO arms and background resulted in a surface resistant to adsorption of proteins, thus
the biologicaldateractions with these materials is due exclusively to the presence and
arrangem D peptides. Each star has nanometer-scale diameter, and upon
1mmob111zs1on to the surface this resulted in nanometer scale islands of clustered ligands.
These RGQonalized stars were grafted to the surface in defined dilutions with non-
functionali r molecules. By varying the number of ligands per star and the percentage

of functio eddStars, the researchers generated surfaces with RGD clusters with an average

S

of 1, 5, or 9 ligaf@s/island; average centre-to-centre distances between clusters of 6-300 nm;

Ul

and a globa ity of 1,000 — 200,000 ligands/um*.**! It is worth noting that these values

are based

1

oichiometry of the reaction conditions during the grafting step and were

not corroher. perimentally.

a

The be of

M

WT NR6 fibroblasts was studied on these materials.*’! These cells are

derived from 3T3 murine fibroblasts, which lack endogenous epidermal growth factor

receptors h The WT NR6 line was developed through transfection of 3T3 cells in
order to eman EGFR. These cells enabled the researchers to assess how global
ligand dengs al ligand density, and the presence or absence of human EGF affected
cellula . Specifically, four cellular properties were probed in this study: adhesion

{

capacity, tal arrangement, cell migration speed, and cell adhesion stren th. 4!
pacity g g Y g

The “ﬁ fthe RGD peptide was sufficient to enable cellular adhesion. However, the
researchers observed large variations in the cytoskeletal arrangement. 25% of cells cultured

on materials with a single ligand per island showed development of well-defined actin stress

This article is protected by copyright. All rights reserved.
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fibres and vinculin staining was almost completely absent. In comparison, 75% of cell
cultured on islands with 9 ligands exhibited well-defined stress fibres and much greater
amounts ol f ilin staining. These data confirm the hypothesis that advanced materials

functional, ultivalent ligands are able to promote integrin clustering and facilitate

N [49]
the formatgon of adhesion complexes.

O

Migration gpeggyaried drastically with both the global and local ligand peptide density.[*”!
Speciﬁcal@er local density resulted in greater migration speeds, for a given global

density. For surfa@es bearing a single ligand per island, the maximum migration speed in the
absence o as approximately 2 pm/hr while surfaces bearing clusters of 9 ligands per

island had cells with a maximal average velocity of approximately 16 um/hr. The presence of

EGF incrm migration speed of the cells. For instance, the maximum speed of cells on

materi a single ligand per island increased from 2 to 3 pm/hr while the maximum
speed ¢lls on the surfaces bearing clusters of 9 ligands increased from 16 to 31 um/hr.
These results show crosstalk between integrin signalling and growth factor signalling and that

coupling hctor signalling with smart biomaterial design can synergistically regulate

cell beha

The strWl—substrate adhesion was also assessed.'*”! Briefly, cells cultured on the
various sumere exposed to a normal detachment force of 800g for 10 minutes. At a
constant globa sity, cell adhesion strength increased with increasing local density. The
biomat{ajr;:g a single ligand per island were only able to retain 14% of the adherent
cells after the detachment test. This is in comparison to 35% of the cells which remained

adherent to the biomaterials for islands bearing 9 ligands.'*”!

This article is protected by copyright. All rights reserved.
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3.1.2. Co¥ Coglymers

3.1.2.1. Fi @ {mphiphilic Comb Polymers can Display Multivalent Ligands for Cell
Bindin%
The star pL presented in the previous section are water soluble molecules that require a

chemical fgactiogto be immobilized to a cell culture surface.!*”! The next step was to create a

C

Water-stamoplastic that was both non-fouling and presented multivalent integrin-

binding li vine et al., synthesized a water insoluble, linear, and amphiphilic polymer
via free ragh

ymerization. The comb polymer was polymerized from methyl
methacryl@te and a methacrylate bearing a PEO pendant group. The hydrophobic methyl
methacryl t units enabled water-stable films of polymer to be produced, while the

presence ofith O pendant groups resulted in a non-fouling interface (Figure 5).°” RGD

[50, 51]

ligands led to the polymer chains through N-hydroxysuccinimide chemistry.

Variati ptide content of the functionalized polymers was obtained by changing the
peptide to polymer ratio during coupling. A series of polymers was prepared that contained

an average of 1.7 - 5.4 peptides per polymer chain.%>"!

O

The averag global ligand density was tuned by blending functionalized with non-
functioiHymers. Polymer films were produced with bulk peptide density ranging
from 12.4 Eg peptide/mg polymer. It was assumed that polymers would form a random
coil structure hat the functionalized polymer chains would be randomly distributed over
the sur@material (Figure 5). As with the stars, the size of the islands would be

controlled by the functionalized polymer’s molecular size (width of the random coil, ~ 32

This article is protected by copyright. All rights reserved.
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nm) and the distance between islands (controlled via blending with non-functionalized

polymers) ranged from ~ 50 - 300 nm.”"!

A signiﬁcant ;rawgack of all blending techniques is that the characteristics of the

biofunctiofali interfaces are difficult to assess directly. The researchers employed both

[l

modellingfand experimental techniques to confirm the assumption that the PEO pendant

G

groups semto the surface and that the peptides were displayed in a nano-scale,
S

multivalen n.”% First, a self-consistent mean field model predicted a quasi-2D
configuration of Se comb polymer at the aqueous interface in which the hydrophobic
backbone Eparallel to the interface and the PEO side chains extended into the aqueous

cell culture environment. The modelling predicted that the outermost 10 A of the polymer

film was @y PEO side chains.””

This mz supported by two main experimental methods.”® First, fluorescent

nanoparticgs (~ 30 nm in diameter) were covalently coupled with lysine residues present
within the ides exposed at the surface. Upon removal of unattached particles, the

fluorescen from the surfaces was measured and the number of particles per unit
surface arg was quantified. The surface density of RGD clusters was determined to be 0-
4.5% IOI(NWm2 with peptide global surface densities of 0-5500 ligand/pm?.”" In the
second sttmidual repeat units exposed at the surface to which peptide ligands could be
attached were coyalently linked to 1.4 nm diameter gold nanoparticles, and the distribution of
the pav<ith; surface was visualized with transmission electron microscopy.”*! The

TEM image showed clustering of the nanoparticles on the surface (Figure 6)."

This article is protected by copyright. All rights reserved.
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[50]

WT NRG6 fibroblast cells were cultured on these surfaces and cell attachment™" and cell

adhesion strength®®"! were assessed. The cells were capable of attaching to the RGD-

{

P

functionalizeddnterfaces, showing the availability of the peptide ligands for cell binding."” A
centrifuga t assay was used to measure the adhesion strength of the cells to the

[
substratesgy - The number of cells that remained adhered to the surfaces after exposure to a

[

normal detgehnignt force between 0 — 1200 pN/cell was quantified. On surfaces with 1.7

G

peptides/com®Pmcreasing the detachment force resulted in fewer cells remaining on the

surface at f the experiment. However, the researchers made a surprising observation;

S

a peak in the a ion strength profile was detected on the surfaces with 3.6 and 5.4

=

peptides/co is implied that the ligand clustering was resulting in an “adhesion

c

reinforce mebserved within a range of detachment force range between 70 to 150

(O

pN/cell.l!

M

3.1.2.2 rchitecture of the Comb Polymers Can be Optimized to Facilitate Integrin

Clustering

I

The comb polymers used above have relatively short PEO pendant groups (6 EO units). The

researche esized that longer PEO tethers would improve the ability of the cells to

O:

reorganiz nds and thus improve their ability to form adhesion complexes. To test this

hypothesis, combgpolymers with tethers of either 10 EO units (6.5 nm) or 22 EO units (14.3

th

nm) were ized."*! These polymers were functionalized with peptides that contain the

u

integrin r on site (RGD) and a synergy sequence (PHSRN), hereafter referred to as

synKR ure 7). '*’I-labelled peptides were used to enable quantification of peptide

A

density through radiolabeling measurements, and the peptide surface density was found to

vary from 1700 to 2900 peptides/pum?>.>*!

This article is protected by copyright. All rights reserved.
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WT NR6 ibroblﬁt adhesion and spreading on the polymer surfaces was explored after 180

minutes ofg tion.”*! The rate of cell attachment and spreading were both greater on

surfaces attached via longer tethers. Additionally, the time required for cells to
N

form focanhesions decreased. The researchers hypothesized that the greater mobility of the

ligands at@hed¥® longer tethers enabled the cells to more easily adhere, spread, and form

adhesion complexes on these surfaces. To confirm this hypothesis, fluorescence resonance

energy tra T) analysis was used to determine the average separation distance

between integrinybound ligands. For comb polymers with longer tethers, the mean separation

U

distance w, nm compared to 17.5 nm on polymers with shorter tethers. These results

I

suggest th ded mobility provided by the longer tethers facilitates focal adhesion

formation{by ing the reorganization of the peptides.”!

1

3.1.2.3 mers can be Blended with Standard Biomaterials and Impart Bio-specific

Surface Functionality

[

Surface modifigation of many common biodegradable biomaterials, such as polylactide
(PLA), is mmg. Additionally, without modification these surfaces exhibit uncontrolled
cellularﬂﬁarising from protein adsorption. To address these technological
shortcoWarchers blended PLA with comb polymer.”*! The researchers hypothesized
that the ¢ mer would partition to the interface, the PEO chains would form a non-

fouling coating oa the surface, and the ligands would elicit integrin-specific adhesion. This

would a facile method for controlling/functionalizing the surface properties of this

standard biomaterial, both as a film and as 3D tissue scaffolds.>"

This article is protected by copyright. All rights reserved.
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Both modelling and experiments were used to verify these hypotheses. First, a self-consistent
field lattice model predicted the structure of the interface. The model predicted that comb

molecules min quasi-2D conformations with the strong enrichment of the comb in

the top 50 ends.” Experimentally, blends containing 1 — 20 wt% of the comb
N

copolymeglth PLA were produced. Both contact angle measurements and X-ray

photoelecwtroscopy revealed surface segregation of comb polymers when annealed in

an aqueous onment. Additionally, polystyrene nanoparticles were covalently attached to

the peptidwnt at the biomaterial’s surface and imaged via atomic force microscopy

(AFM). T e surfgce density of multivalent ligands was found to vary from 0 to ~1000

clusters/p e total number of RGD ligands at the surface ranged from 0 to about 5500
ligands/p

WT oolasts were cultured on the surfaces and the adherent cells were imaged with

phase microscopy.”*! The nonfouling properties of the PLA/comb blends were not as
good as those of pure comb polymers. However, for blends containing 20 wt % of the comb

polymer, hof the seeded cells were able to adhere to the surface. For the largely non-

fouling blreasing the RGD content resulted in an increase in cell adhesion, and an

RGD s:irfgity of ~1500 ligands/um* was sufficient to enable adhesion similar to that

[54]

observ culture plastic.

3.1.2.4. N:e Clustering of Integrin Binding Ligands Regulates Endothelial Cells
Behavi re Promising Materials for Blood Contacting Biomaterial Applications

The lack of a compatible interface remains one of the most long standing and persistent
problems in the biomaterials field. Blood will clot on the surface of most cardiovascular
devices and can lead to failure of the device or a portion of the clot can embolize and cause

This article is protected by copyright. All rights reserved.
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problems downstream such as stroke. Developing materials that promote the formation of a

confluent and functioning endothelial cell layer is an attractive strategy for producing blood-

{

compatible j aces as these cells are responsible for blood compatibility.”>! Karimi, et

al.>% utili polymers to assess how nano-scale clustering of integrin binding

[
ligands impact endothelial cell behavior. In this work, the authors produced comb copolymers

of methyl pgethagrylate (MMA)/polyethylene glycol methacrylate (PEGMA)/acrylate-PEG-

G

RGD using sible addition-fragmentation chain transfer (RAFT) polymerization. RAFT

polymeri s used to produce polymers of low polydispersity, thus enabling better

S

control over the fiwmber of ligands per island. By blending peptide functionalized polymer

U

with non-fu lized polymer, a series of non-fouling materials was prepared with global

q

peptide dejlsi ging from 0.4 to 4.4 pg peptide per mg polymer and local peptide density

of 0 to 2.4%pe per island.””

d

Human umbily ein endothelial cells (HUVECs) were cultured on these surfaces and cell

VA

adhesion, proliferation, and migration were assessed.”®! Cell adhesion, endothelialization

rate, and Miigration speed were all maximal on surfaces with the highest global and local

F

peptide de ese results indicates that the ligand clustering can regulate endothelial cell

0O

adhesion, m 1on, and endothelialization rate, and support the idea of using nanoscale

ligand preSentation to improve the endothelialization of cardiovascular biomaterials. *®!

h

{

3.1.2.5. Conclusi@ns from Star and Comb Polymer Studies

U

These studie the first to illustrate that biomaterials can be functionalized with
multivale ds, and that these surfaces regulate cellular behaviours in ways that cannot
be achieved through the canonical method of randomly decorating biomaterial surfaces with

single integrin-binding groups. Specifically, the researchers illustrated that attachment,
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spreading, cytoskeletal arrangement, focal adhesion formation, adhesion strength, and
migration speed of adherent cells can be increased. More intriguingly, the researchers
illustrated! ¢ material surface can be tuned to provide a synergistic affect with growth
factor sig ever, in order to obtain these improvements in cellular function, the

global ligamd density, local ligand density, and availability of the ligand for binding and

rearrange@the cell must be engineered.

The resultwese studies can inform the design of future healthcare materials. For
instance, t@n group is already exploring ligand multivalency as a means of improving
endothelialization of cardiovascular biomedical implants.”® This is a particularly appealing
strategy aﬁlem ligands improve the adhesion strength of cells to an interface,”" and
could res@aces that more tightly hold endothelial cells when confronted with

detach from shear flow. Additionally, cellular infiltration into tissue engineering

scaffolds is o esired. By using multivalent ligands, the migration speed of multiple cell
types was significantly increased.!*” > Thus, these systems could provide a means of

increasingiutologous cell recruitment into biomaterials/tissue engineering scaffolds.

3.1.3. AlgimQﬁzdrogels

3.1.3.1 1 'vdrogels Functionalized with Nano-clustered Ligands can Improve Cell
Prolifewerentiation, and Focal Adhesion Kinase Phosphorylation

Mooney and Lin;rman developed alginate hydrogels that are functionalized with
multivalent li s. Alginate is a linear anionic polysaccharide that forms a hydrogel when
ionically inked with divalent cations. These hydrogels have high water content, lack

intrinsic cell binding capacity, and resist protein adsorption and cell adhesion unless
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modified. These qualities make alginate an excellent background on which to study the

effects of multivalent ligands.

Biofuncti&was achieved by reacting carboxylic acid groups present on the sodium

alginate cslns to the amine termini of RGD-containing peptides using sulfo-NHS/EDC

chemistrng the ratio of peptide to alginate chains during the coupling reaction

controlled mber of peptides bound to a single alginate chain, and alginate chains
containin@age of 1 — 25 ligands were prepared. The functionalized alginate chains

were blen(zeE WS varying ratios of non-functionalized chains and crosslinked through the

addition of ium sulphate. The size of the peptide-containing islands was controlled by the
size of th i

alized alginate chains (~36 nm). The blending strategy allowed the
researcher§ t W rol the average RGD island spacing from 36 — 168 nm as predicted by a

2D M imulation, and the bulk RGD density in the gels was varied between 0.125

) [57-62]

and 80 pg R g alginate (Figure 8

The impacs of ligand multivalency was assessed using three cell types: mouse preosteoblasts

(MC3T3-©, primary human fibroblasts, and myoblasts (C2C12 cells and primary

skeletal mu ells).’7%% Proliferation rate, differentiation capacity, and intracellular

signallin re explored for the preosteoblasts.””**! The cell growth rate increased as the

1

L

bulk pe ty increased; however, the valency of the ligands did not dramatically

influence the groWth rate at a given global peptide density. Osteogenic differentiation was

u

assessed for ncapsulated in hydrogel beads. Osteogenesis was significantly increased

on hydro more closely spaced islands of ligands compared to gels with larger

A

spacing between islands for a given global peptide density.”” Similarly, FAK
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phosphorylation increased with increasing bulk density of peptide within the gel, and the

phosphorylation was greatest for islands that were more closely spaced.”®

S

Primary h lasts exhibited increased proliferation with increasing global peptide

. _ , [59] o
density ang reached a plateau at 12.5 ug peptide/mg alginate.””' Additionally, the cell growth

rate increw decreasing island spacing for a given peptide concentration.>” Myoblast
cells (C2C s and primary skeletal muscle cells) were cultured on gels functionalized

with eitheflil€agdor cyclic RGD peptides.’® The proliferation of both myoblast cell types

increased v@easing global peptide density. The choice of ligand did not affect the

initial adhesi the cells; however, both cell types exhibited higher proliferation on
surfaces i

lized with cyclic RGD.!*"]

(O

3.1.3.2 tering of Peptide Ligands and Substrate Stiffness can be Independently

Tuned to Co tively Improve Cell Proliferation
The use of alginate hydrogels enabled facile control of the stiffness of the cell culture

substrates®§[ his enabled the researchers to probe the response surface of peptide organization

[

and matriQs on cell behaviour. A range of 2 — 20 RGD peptides per alginate chain

was explored;'the global peptide density ranged from 1.25 — 12.5 pg/mg of alginate, and the

range of istand spacing varied from 36-120 nm. Gels of varying stiffness were prepared, and

h

[61]

the res gels had compressive moduli of 20-110 kPa.

ut

The impa and organization and substrate stiffness on MC3T3-E1 murine preosteoblast

A

cells and hu ne marrow stromal cells was explored. Cells were able to adhere with the
classic spindle shape morphology to the RGD-containing materials. At a given substrate

stiffness, both global peptide density and island spacing affected the growth rate of the cells.
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Specifically, proliferation increased with increasing bulk peptide density, and the

proliferation rate also increased when the island spacing was decreased.!®' The stiffness of
hydrogels a crucial role in the growth rate of MC3T3-E1 cells. At a constant global
and local ity the growth rate of preostetoblasts and mesenchymal stem cells was
increased slth hydrogel stiffness indicating that substrate properties can be tuned with ligand

presentati@hance specific cellular behaviours.["]

3.1.3.3. NWtering of Peptide Ligands can Improve Nonviral Gene Delivery and Gene

Expression

U

The nanosgentation of peptide ligands was also used to improve nonviral gene

delivery a expression levels in preosteoblasts.'®?! Alginate hydrogels with bulk

peptide damsi nging from 3,000 to 60,000 ligands/um? were produced. Spreading, actin

d

filame , and cell proliferation of preosteoblasts on these surfaces were assessed.
The pepti y did not significantly affect the number of adherent cells or the degree of
cell spreading over the range of ligand concentrations studied. However, cell proliferation

and actin wer formation were increased with increased global RGD density and

decreasedbetween islands.*%
Condex&ze pDNA was prepared by encoding pDNA for luciferase protein and

condensing wi oly(ethyleneimine).[62] The pDNA was labelled with rhodamine to quantify
the efficie ene transfer. Preosteoblasts being cultured on alginate hydrogels with a
bulk pepis nsity of 6,000 RGD/ pmz were transfected, and it was shown that the

efficiency of gt transfer and the expression levels of luciferase increased as spacing

between islands of ligand decreased, in both 2D and 3D hydrogels.*
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3.1.3.4. Simulation Provides Deeper Understanding of How Ligand Presentation Affects Cell

Behaviour
A freely j% model was developed to predict the ligand distribution within an
[

individual¥sland and the equilibrium chain conformation within the hydrogels.[) The model

predicts that the RGD ligand spacing within an island increases by increasing the molecular
weight of mate chain and decreasing the number of ligands per chain, as was to be

expected. itionally, the model predicts that the fraction of ligands that are accessible by

U

cell receptors is ghly dependent on the chain molecular weight, and this fraction increases
non-linear, ncreasing penetration depth of the integrin receptors into the alginate

surface .

dl}

In a secon ling study, a stochastic Monte Carlo model was developed to predict

variou (64]

WY

by MC3T3 preosteoblasts on the functionalized alginate hydrogels.

Specifically, the interplay between integrin organization, cell spreading, FAK

[:

phosphorylation. and osteogenic differentiation was modelled. Forty different ligand

O

nanopatte simulated. The surfaces had islands containing between 1 and 15

peptides/cffain, and the percentage of polymer chains at the interface that were functionalized

h

with RGDgrangedgfrom 10 to 70%. In this model, a 2D “adhesive surface” lattice containing

{

adhesion lﬁas overlaid with a second “cell membrane” lattice containing integrin

receptors. Three parameters were used to quantify integrin organization: integrin bound,

imber of integrins bound to a ligand, contact number as a measure of short-
range organization of the integrin with the clusters, and bound number density fluctuation

(BNDF) as a measure of the distribution of clusters. The simulation predicted that cell
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spreading correlates with the contact number and BNDF; FAK phosphorylation correlates
inversely with contact number and BNDF, and increased with formation of the small and
homogeneo distributed clusters of integrin; and osteogenic differentiation correlates with
high level number and BNDF, and increases with formation of large and

N . _ [64]
heterogensusly distributed integrin clusters.

O

3.1.3.5. Siw Hllustrates that Both Integrin Dimerization and Ligand Organization are

Key Compontents in the Formation of Integrin Clusters.

Brinkerhoanderman gained key insights into the biophysics of integrin cluster
formationgsough the use of Monte Carlo simulation.!®” Experimentally, it has been found
that unboupddategrins show a propensity to dimerize due to weak yet rapidly forming

interactionSy cVesin the absence of ligand binding.!*! For example, both B; and B, subunits

have be¢ ved to self-associate on the cell surface.®® ¢” Interestingly, these weak
interac the oligomerization of integrin receptors via the process of partner
switching. The formation and disassociation of these integrin-integrin associations is faster
than the rafe of diffusion of the integrins within the cell membranes. This means that the
dimerizati & egrins can act to aggregate more than two integrins by switching between

integrin p ster than the individual integrin receptors can diffuse away. From a

kinetic port 0 VFW, the reaction is diffusion limited.!"

Brinkerho;inderman created two parallel 2D lattices separated by 30 nm (the
separatg nce over which integrin binding can occur).!®! One lattice represented the cell
membrane, in which integrin receptors were embedded. The other lattice represented the

substrate on which ligands were distributed, in either a random or nanoclustered manner. In
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the absence of ligands on the substrate lattice, the researchers found that integrin dimerization

resulted in average integrin cluster sizes of 3.1 integrins/cluster. Additionally, ~15% of the

{

clusters wergssignificantly larger, containing more than eight integrins. In simulations where

ligand bin but integrin dimerization is absent the researchers found that clustering

]
of the ligamds into islands of high density resulted in integrin clustering. However, when both

integrin diggeriZation and ligand clustering were present, the average size of clusters

q

increased s tially from ~4 integrins/cluster to ~9 integrins/cluster. These results

illustrate urfdces functionalized with nanoclusters of ligands work with the biological

S

propensity of mtegrin receptors to dimerize to produce larger clusters. The researcher

U

hypothesiz these larger structures act as nucleation sites for the formation of stable

focal adh 8

s from Alginate Hydrogels

These studie that multivalency of ligands can promote additional cellular behaviours

including cell signalling, proliferation rate, gene expression levels, and differentiation

capacity; ibstrate stiffness can be tuned in conjunction with peptide density to promote cell

proliferati@hat the effect of local and global ligand density is distinct for different cell
is

types. Th ost clearly seen through the proliferation rate of different cell types cultured

on these i&;faces: preosteoblast proliferation was largely unaffected by the local ligand

density,Hreasing island spacing promoted fibroblast and myoblast proliferation.

Also, being a hydogel that can be crosslinked under cytocompatible conditions, the ability to
produce thregdifffensional and cell-laden structures that regulate cell proliferation and
differenti ve strong implications in the development of next generation tissue

engineering scaffolds. Rapid development of neo-tissue in such scaffolds, as well as lineage-
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specific differentiation of stem cells, is often a primary goal of tissue engineering. These
results illustrate that ligand multivalency can play a key role in achieving these goals.

T

3.1.4. Alg gels with Gold Nanoparticles

N , . . . .
Wang, et al. also used an alginate-based material to assess how multivalent ligands impact
cell behavigurs®&! In this work, the authors produced thiol-functionalized alginate to which
they covale tached ~30 nm gold nanoparticles through the formation of an Au-S bond.

The particw then reacted with cysteine-terminated REDV peptides to introduce

biofunctionality.§l'he thiol group of the cysteine reacted with the gold nanoparticles to

produce self- bled monolayers of peptide on the surface of the particles. The nanometer
diameter icle was used to create the nano-scale clustering of the peptides.[® The
REDV pepti selected as it binds the a4, integrin that is only present in a small number

of cell § ding endothelial cells.[®” Materials functionalized with this peptide are
often used w enerating blood-contacting biomaterials as most other commonly occurring
blood cell types do not adhere to this peptide, providing surfaces with specificity towards
endotheliicells.[m’ " The incorporation of the gold nanoparticles enabled facile imaging of
the peptid ed interfaces through TEM. In vitro, the nanoclustered materials resulted in
increased a. on of HUVECs, and these surfaces supported a larger number of HUVECs
after 7 da&f culture. Additionally, these gels were implanted subcutaneously in mice, and

the anglwﬁo these gels was assessed after 14 and 21 days post implantation. The

gels ﬁlnctionaliz; with nanoclustered ligands exhibited at least a 20 % increase in

Vasculagmpared to gels functionalized with monovalent ligand."

Although blending functionalized nanoparticles with a non-fouling polymer is an attractive

strategy for generating surfaces with nanoclustered ligands, the experiments described in this
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manuscript had several limitations. First, the alginate used in this work had been chemically
modified with thiol groups to enable covalent attachment of the nanoparticles. However, the
non-fouhrties of the alginate were adversely affected by this chemical modification.
Specifical essing no ligand saw significant adhesion of both HUVECs and

N —— . . .
fibroblastggindicating that the gels no longer possessed the desired non-fouling properties.

This undesaged @gllular adhesion limits the conclusions that can be drawn from this work.
Additionamesearchers only assessed a single REDV concentration, so trends on how
local and wptide density affect endothelial behaviour cannot be identified. Despite
the shortcomigSyof this study, improving angiogenesis through the use of multivalent ligands
is a signific tribution. One of the critical limitations of the tissue engineering field is
insufﬁcievﬁl

arization that limits the size and longevity of neo-tissues. Using

multivalenf 11 w to significantly improve the rate of angiogenesis into a neo-tissue is an

excitinﬁthe field of tissue engineering.

3.1.4. Block Copolymers

3.1.4.1. P e-b-Polyethylene Oxide Copolymers can form Nano-clusters of Peptide
Ligands thase Segregation.

Cooper- Whitespienecered a method for generating multivalent ligands using commercially
availabglopolymers composed of blocks of hydrophobic polystyrene (PS) and
blocks of ilic polyethylene oxide (PEO). When films of these polymers are spin cast,
the polym goes phase segregation, and creates a surface with nano-domains of PEO
dispers n the PS continuous phase. Varying the lengths of the PS and PEO segments
can be used to the number and the size of PEO domains (Figure 9).l7
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Films of approximately 40 nm thickness were spin cast from three block copolymer

solutions: low molecular weight copolymer (M, = 62.5 kDa), medium molecular weight

o

copolymer ::: 136 kDa), and high molecular weight copolymer (M, = 238 kDa).[”) AFM

analysis ¢ noscale phase separation of PEO for all polymers in an aqueous

environmgat, and the size and distribution of the PEO domains varied with polymer

molecular @ By decreasing the molecular weight of the copolymer, the surface

coverage o increased from 15% to 59%, the PEO domain size decreased from 51 to 29

nm, and t faBe density of PEO domains increased from 73 to 907 domains/pm?."!

S

AccordingEFM analysis, a maximum of 59% of the surface was covered with PEO.!"’!

Surprisingﬁncomplete coverage was sufficient to reduce protein adsorption and

eliminate sion. The low molecular weight copolymers, with approximately 900

islands/pumr , used as a low-fouling background for the immobilization of bioactive

d

ligands ]

Peptide ligands were incorporated onto PEO blocks by functionalizing the terminal hydroxyl
group Witsither an RGD-containing peptide or a fibronectin type III fragment that spans the
7" to 10 Qns (FNIIIL7.10)."¥ A large number of NIH-3T3 fibroblast cells adhered to
the surfaces t

ionalized with the RGD peptide compared to the fibronectin fragment.[74]

The diameter of the nano-domains was approximately 30 — 50 nm, while the diameter of a

h

L

single 1 eptor is approximately 10 nm. This means that it is theoretically possible

for multiple integins to access ligands present on a single domain, and one could envision

U

that this wo ilitate the formation of adhesion complexes. However, the clustering of

integrins investigated, nor was any improvement in cellular phenotype reported on

A

these surfaces. Additionally, no analysis was presented to estimate the number of RGD sites
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per nano-domain, meaning that both the bulk and local density of RGD on the surface is

uncertain.

S

A second Q)f surfaces baring nano-clustered ligands was developed using the same

block c:p mby covalently modifying the terminal hydroxyl group of the PEO blocks
with an adamaritane moiety.!””! Adamantane groups can act as the “guest” in inclusion
complexesgcyclodextrin. These adamantane-functionalized polymers now exhibited
facile conWwith cyclodextrin-modified molecules. The adamantane-functionalized
polymers v@n blended with non-functionalized block copolymers to control the amount
of peptide t 1d couple to the surface of the biomaterial. The researchers attached
cyclodextﬂﬁed peptides to the adamantane-functionalized surfaces. Specifically, two
peptide se@were explored, an RGD-containing peptide and an IKVAV-containing

peptid i m laminin.[”!

The initia our) adhesion and morphology of human mesenchymal stem cells (MSC) were
explored.[mnitial adhesion of MSC was found to increase with increasing RGD content
at the inte@il the blend ratio reached 50% after which no further increase in cell
adhesion oc d. However, cell spread area after increased in a near linear manner with

increasin D content over all concentrations from approximately 1,000 ligand/pm® to

h

3,500 1i 73]

Ui

Films of 100 mantane-functionalized polymer were then grafted with varying molar

ratios o - and IKVAV-peptides (from 0 — 100% RGD).[”! Regardless of the ratio of

A

the peptides in the material, the number of cells adherent to the surfaces after 2 hours was

constant. However, the morphology of the cells was highly different. Specifically, cells on
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the surface that contained only IKVAV had a smaller projected cell area (approximately

1,500 pm?) that increased nearly linearly with increasing the amount of RGD peptide to

{

approxima 500 pm’ on surfaces containing only the RGD peptide.!””!

3.14.2. T /s Lateral Spacing of Peptide Ligands can Modulate Adhesion and Differentiation

of Mesenc tem Cells
In order to te surfaces that presented different densities of PEO domains (and thus

different WO’E RGD after functionalization) films were created by blending 0-100 % of
a ﬁmction@polymer with a polystyrene homopolymer.[’®! The average size of the PEO
nano-domai 8 - 14 nm for all blends, and the average space between domains ranged
from 34 — Through radius of gyration calculations, it was estimated that six PEO
tethers wmred together in each of the PEO domains. Films were then functionalized

with a aining peptide.!’®

This blending strategy introduces two major limitations into the system. Blending the

copolymef§ with polystyrene incorporates greater amounts of hydrophobic material into the

[

films that Qrb protein from the solution phase. Subsequent cell adhesion experiments
were condu over short times in serum free media. For long term studies or studies with

serum, theSurface would need to be blocked through the adsorption of a non-fouling

h

L

molecu Ibumin or a Pluronic. Additionally, the blending reduced the size of the

PEO domains to @ maximum of 14 nm. An integrin receptor has a diameter of approximately

Ul

10 nm. Itis ly that multiple integrins would be able to attach to a single PEO domain.

Therefore, s using this surface no longer promote clustering of the integrins, but instead

A

enabled the researchers to assess the effects of lateral spacing between ligands.
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To assess the effect of the lateral spacing of RGD on the behaviour of MSC, the cells were
seeded onto these surfaces for up to 24 hours in serum-free media.l”® MSC morphology was
strongb#)y the spacing of the RGD. For closely spaced clusters of ligands, cell area,
formation&pers, and the formation of mature focal adhesion complexes (length of
10 pm :r @were increased.”’® The migration, osteogenic, and adipogenic
differentiagg®n afithe cells were also assessed.’® Cell migration speed exhibited a biphasic
response aueral spacing between ligands was varied. Specifically, the migration rate of
the MSC w a maximum when the spacing between RGD domains was 50 nm. The
researcher@lized this as a substrate with intermediate adhesion strength allowed firm
cell adhesio was not so adhesive that it prevented cellular motion. In order to
investigatﬁogenic and adipogenic differentiation of MSC, the cells were cultured on
the surfacmwurs in serum-free media and then incubated in osteogenic and adipogenic

media. iation was probed through quantitative real-time PCR (qPCR) and expression

of lineage s markers (alkaline phosphatase and lipoprotein lipase, respectively). As the
distance between PEO domains increased, osteogenic differentiation was found to decrease
and adipogenic differentiation was found to increase. In order to use these surfaces for long-

term cell @udies, the surfaces were blocked with Synperonic F108 before inoculation
S.

with cell owever, no data was presented to illustrate that the blocking layer remained

effective tgu;h the duration of the culture.

-

3.1.4.3. The Reg;arily of the Interface can be Improved through Incorporation of Perfluoro-

moieties.
One limr all of these blending strategies is that it is difficult to control the spacing
and size of the peptide islands. However, this issue was addressed through the incorporation

of hydrophobic perfluoro groups that promoted a more consistent phase segregation of the
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polymer, resulting in an interface with very regular size and spacing of the PEO domains.
This was accomplished by synthesizing a block terpolymer through anionic polymerization

containing &of polystyrene and a block of copolymerized polyethylene oxide and allyl

glycidyl e 3% of AGE relative to EO). The AGE groups enable facile

functio:a Ismhrough a thiol reaction. These polymers were then functionalized with a
1:1 mixturggof GD peptide and the hydrophobic perfluorooctanethiol. After spin casting
and anneags: materials exhibited a very regular hexagonal packing of the bio-
ﬁmctionalw domains as observed through AFM imaging. These results illustrate that

stable and we! !-5!1ned nanostructured substrates can be generated by modification of block

copolymer yi rfluoro-moiety.””! Cell culture with 3T3 fibroblasts showed strong
vinculin sﬁell-formed actin filaments, and more discrete focal adhesions on these

surfaces, mating the strong adhesion of the cells on these surfaces.!””

3.1.4.4. Conc ns from Block Copolymer Studies

The major advantage of the block copolymer system is the ability to directly assess the size
and distrilition of the PEO domains, and thus better determine the distribution of RGD
ligands ac@surface. Additionally, the adamantane-functionalization chemistry provides
a facile met or incorporating a wide variety of functional groups onto a single
biomateridhplatform. The most significant cellular insight gained from this work is that the
lateral Migands can be tailored to promote lineage-specific differentiation of
mesenchy@ cells, a finding that adds additional evidence to the claim that ligand

nano-spacin e used in the design of future tissue engineering scaffolds.

Despite the ability to better characterize these interfaces, the authors feel that this material

system is less flexible than the comb polymers or alginate hydrogels. The need to work in
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serum free media or to block the surface with a surfactant drastically limits their utility, the
need to spin coat these surfaces limits their scalability, and it is likely that this approach is
limited to !ﬁ! ure systems making it less suitable for the development of 3D tissue

scaffolds
]

t
biomedical devices.

I
3.2 Nano%‘ng
The greate vantage of the blending techniques described above is the ambiguity of the
surface anwf precise spatial control of the cell adhesive ligands. The blending
strategies Enable precise control of the number of ligands per island, the spacing of
ligands withj island, or the spacing between islands. These surfaces can illustrate that
nanoscaleﬁ

g of ligands can be used to promote a variety of desirable cell behaviours;

however, the w insufficient to address fundamental biophysical questions such as what is

d

the ide f ligands with an island, what is the ideal spacing between islands, etc. In

order to gene ell culture surfaces with a higher degree of spatial control, two

nanolithography techniques have been developed: block copolymer micelle nanolithography

and nano i!ﬁrint lithography.

3.2.1. Nanop@article Arrays via Micelle Nanolithography
3.2.1.1, B&Z Coéolymer Micelle Nanolithography Can Generate Surfaces with Nanometer

Scale Mcnally Packed Peptide Ligands with Well-Controlled Peptide Separation

Distances :

Spatz and co rs took advantage of the nanometer scale of the micelle in order to produce
planar mtemed with biofunctionalized arrays of gold nanoparticles.!”®! The
researchers synthesized a poly(styrene)-block-poly(2-vinylpyridine) copolymer through

living anionic polymerization and produced micelles with polar cores by dissolving the
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polymer in toluene. Using a reduction reaction of tetrachloroaurate (HAuCl,) with hydrazine,
the polar cores of the micelles act as nano-scale compartments in which a single gold
nanopartibs.When a flat substrate (glass, mica, or silicon) is dipped into and then

retracted solution of the micelles, a monolayer of micelles forms on the surface

N . 78]
and pack go a 2D quasi-hexagonal pattern.

The polymgnponents of the micelles are then removed through exposure to plasma,
leaving boliaé the gold nanoparticles attached to the surface in the same hexagonal pattern
(Figure IDe size of the particles could be varied between 1 and 15 nm depending on

the cond'i:&he reduction reaction, and the interparticle distance could be tuned from 30

to 250 n ing the lengths of the copolymer chains, the concentration of micelles in

solution, traction rate of the substrate from the micelle solution. This treatment

results i covered by an extended pattern of quasi-hexagonally packed gold

nanoparticle defined interparticle spacing. The hexagonally packed arrays of
nanoparticles are easily detectable via a variety of imaging techniques including TEM, SEM,

and AFM @igure 11)."

Before thegrates could be used for cell culture applications, the gold nanoparticles

h

needed to Be functionalized with cell adhesive ligands and the space between particles needed

[

to be p ith a non-fouling layer to prevent non-specific cellular interactions. In

order to passivatdithe surfaces, the substrates were submerged in a solution of PEG or

Ll

polyethylen I silane.””! After thorough rinsing, the gold nanoparticles were reacted

with an a solution of a thiol-terminated peptide that contained a bioactive cyclic RGD

A

sequence. The terminal sulthydryl group of the peptides allowed facile functionalization of

the gold nanoparticles through the formation of self assembled monolayers via thiol-gold
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chemistry. The diameter of the head of an integrin receptor is 8 — 12 nm. The researcher

chose to work with nanoparticles with a diameter < 10 nm so that only a single integrin

would be a bind to single functionalized nanoparticle.” It is important to point out that
most of't dies were performed on extended arrays of nanoparticles meaning that
N

the researgers were assessing the impact of lateral ligand spacing on cell behaviours. It is
not until s@?.. 1.9 that the researchers decouple local and global ligand density on these
interfaces.

2,
3.2.1.2. I@ a Critical Spacing between Ligands that Improves Cell Spreading, Focal
Adhesion A , Migration Speed, Adhesion Strength, and Lipid Raft Clustering.
Research ced RGD-functionalized cell culture surfaces with interparticle distances of
58 nm anm. Rat embryonic fibroblasts (REF52 fibroblasts) were cultured on the

surfac iadhesion, spreading, focal adhesion assembly, and adhesion strength were

investigated. Larger numbers of cells were able to adhere on the more densely packed
nanoparticle arrays (58 nm), and these cells exhibited a more well spread morphology. The
REF52 ﬁliblast cells were transfected to express green fluorescent protein (GFP)-tagged [33
integrins. ence microscopy was used to visualize the distribution of the s integrins
within the c€ff*ocalization of the focal adhesion molecules vinculin and zyxin, and the
develogmg of stress fibers. Only cells cultured on the more densely packed nanoparticle
arrays Mwibi‘[ed clustering of the B; integrins, colocalization of vinculin and zyxin,
and well formed §tress fibers indicating that lateral spacing of integrin adhesive ligands
affects the abuat§Pof cells to form focal adhesions. Additionally, cells spread faster on the
more dﬁed nanoparticle arrays."***'l MC3T3 osteoblasts, B16 melanocytes, and
3T3 fibroblasts cultured on surfaces with average lateral distances between ligands of 28, 58,

73, and 85 nm showed similar results..’””) A lateral spacing of < 73 nm between ligands was
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required to improve cell adhesion, increased spreading, and enable formation of focal

adhesions and actin stress fibers.[””*!]

=

The sensithtopoietic stem cells (HSCs) to spacing of RGD-ligands was also

W —
explored.[s Surfaces with lateral spacing of 20, 32, 58, and 90 nm between peptides were
prepared. garchers used fluorescence microscopy to assess the redistribution of lipid

rafts, CD34; 33, integrin a,f3, and a5 integrins. On the surfaces with ligand spacing of 20

and 32 HHWS adhered well, while cell adhesion was highly decreased on the surfaces

with 58 an . An extensive redistribution of CD133, CD34, lipid raft, a3 integrins,
and os integri s induced by cell adhesion to the substrate with 20 and 32 nm spacing
between lﬁiddiﬁonally, the cells cultured on the more densely packed surfaces

exhibited med cell signaling. The results showed that the ligand spacing is a critical for

cell ad rin-mediated lipid raft clustering, and signal transduction, and verifies the

sensitivity o topoietic stem cells to ligand lateral spacing.®™ However, it is interesting
to notice that the critical ligand spacing for the HSCs is less than for the other types of cells

explored, @Wdicating that the nanoscale presentation of ligands must be tailored towards a

given cell @on.

Two AF udies were performed to measure the adhesion force of cells to the nanoparticle
arrays.[% first study, single REF52 fibroblasts were attached to the tip of AFM
cantilevers,tEls were brought into contact with the nanopatterned surfaces, and the
detachment as measured. Four surfaces were explored with interparticle spacing of
35, 55, 705 03 nm. The magnitude of the detachment force on the more densely packed
arrays (35 and 55 nm) was significantly greater than on the arrays with larger interparticle

spacing. For instance, the detachment force of the cells on the 35 nm-spaced arrays was ~2.3
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nN compared to ~0.3 nN on the 103 nm-spaced array. Additionally, since the detachment

force did not vary linearly with the surface density of the binding sites, the authors propose

that cluster:'ﬁ the integrins within the membrane observed on the more densely packed

nanoarray; inforce the adhesion of the cells.'™ In a second AFM study, surfaces
.. m [84] .

with 1ntersrtlcle spacing of 28, 50, 90, and 103 nm were developed."”" A fibronectin-coated

AFM tip bigught into contact with individual cells on the surface, the AFM tip was

allowed to for up to 15 minutes, and then the AFM tip was used to pull the cell from

the substrwn-linear increase in the detachment force was observed when the ligand

spacing was _5 §1m due to the presence of the focal adhesions.™™"

3.2.1.3. DGntegrin Receptors Play Different Roles in Cell Spreading and Focal

Adhesion Bo lon

Multip are involved in the cell adhesion and focal adhesion formation including
the asﬁEmegrin& The nanoparticle arrays were used to decouple the relative
contribution of these integrins in initial cell adhesion and spreading events and in focal
adhesion Mm In order to accomplish this, planar arrays of nanoparticles were
fabricated @ , 60, or 90 nm separation distances. The nanoparticle arrays were then

functionali a peptomimetic ligand that only binds the asf; integrin or a ligand that

only bi integrin.®-*!

——
When osteosarc;a (U20S cells) were cultured on these surfaces, the cells were able to
adhere an , with the greatest amount of spreading occurring on surfaces with the
smallest spa etween ligands.[86] However, the degree of spreading varied greatly
between the two ligands. On densely packed surfaces, cells cultured on surfaces

functionalized with the asf; ligand achieved a projected cell area of ~3000 um* while cells on

This article is protected by copyright. All rights reserved.
38



the surfaces functionalized with the a3 ligand only achieved a projected area of ~2000 pm’.
Despite the ability of cells to spread more on the surfaces functionalized with the osp; ligand,
the cells on ces functionalized with the a,f3 ligand formed larger focal adhesions.
Additiona e ayf3 integrin is blocked through addition of the soluble ligand, the
cells exhlls decreased focal adhesion assembly. These results indicate that binding of either
the asP, om is sufficient for cell adhesion; however, the activation of the o33 integrin

[86]

is critical ation of stable focal adhesions.

S

3.2.14. C@temctions are Affected by Substrate Ligand Presentation

Researche icelle nanolithography to prepared surfaces patterned with 10 nm particles
with a pa ing of 57 nm."®”) The surfaces were passivated and functionalized with an
RGD-contgin @ gand as described previously, with one exception. The nanoparticles were
also co ith a photocleavable PEO-thiol. Before exposure to UV radiation, the
photocEO group hid the RGD-peptide from view of cells resulting in non-fouling
interface. However, when regions of the surface were irradiated the PEO groups were
cleaved, CM able access the RGD-peptides, and cell adhesion occurred in a spatially
controlled @ After cells were adhered to the surfaces, additional UV irradiation steps
could be pe d to make new areas of the cell culture surface available for cell adhesion.
These wiated surfaces were used to assess how ligand spacing affected migration of
HeLa cmmgration behaviour of the cells on the nanopatterened surfaces was

compared to plap@r surfaces of gold that had been homogeneously functionalized with the

RGD-pepti the photocleavable PEO."!

First, circular cell-adhesive regions were created through UV exposure.®” After cell seeding,

approximately 20 — 25 cells were capable of adhering per region, and cells were allowed to
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incubate for 9 hours in order to generate both cell-substrate and cell-cell interactions. A
second irradiation step was used to expose the RGD-peptides in the area immediately around
the cells, a |s were then able to migrate into the newly exposed region. Cell migration
behavior on the substrate. On homogenous surface, the cells migrated more

N . . .
collectwe! from the center outwards while keeping their cell-cell contacts. However, on the
nanopattewace, many cells lost their cell-cell contacts and started to migrate more as

individuals. tionally, the cells migrated at a higher rate and lower average directional

persistenc thébe nanopatterned surfaces. ™"

Us

3.2.1.5. Me Cell Behavior Determine by Nanoscale Integrin Ligand Patterns

n

The beha ur human melanoma cell lines (A375, MeWo, LOX, and MelHO) was

investigat opatterned surfaces with ligand spacing of 30 to 120 nm.*™ As with other

d

cell t pacing regulated cell adhesion, spreading, focal adhesion assembly, and

actin stre ormation. Additionally, the optimum ligand surface density was observed to

VA

be ~350 ligands/pum’. At higher ligand spacing, the cells showed reduced adhesion capacity,

[

and at sig higher ligand density (~1150 ligands/um?) exhibited difficulty in

spreading @ a1 adhesion formation, potentially due to steric hindrance.**!

N

Beyon sfication of the biophysical constraints for focal adhesion formation, the

|

nanopattefened interfaces also enabled insight into the seemingly paradoxical effects that

U

antitumor therapi@s can have on tumor progression. Specifically, the spreading of melanoma

is aided b erexpression of certain integrins including o,f33;. As such, antitumor drugs

A

such as cile that target integrin receptors have been trialed. Preclinical trials of the
drug demonstrated good efficacy against melanoma cells; however, a recent phase II clinical

trial showed that low doses of cilengitide could paradoxically enhance tumor growth. The
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researchers exposed the melanoma cells to soluble RGD peptides prior to seeding onto the
nanopatterned surfaces to mimic the impact of the antitumor drug.®™® The low dose of RGD
was founj t:lje the more densely packed surfaces more hospitable to the adhesion and
spreading r cells as observed by increased spreading and focal adhesion
formationglikely by limiting the number of integrin receptors that were available for binding
to the micwed surface. The authors hypothesize that this is mimetic of the in vivo

mechanism eads to paradoxical tumor growth when treated with low dose anti-integrin

drugs.!™™

3.2.1.6. Di in the Arrangement of Ligands can Improve Cell Adhesion and Spreading

NusS

An advan e micelle nanolithography process is the well-defined surface that it

produced.fHo 1, the experimenters wanted to assess the impact of disorder in the

d

distrib ligands on cell behaviour. This was accomplished by dissolving

polystyre polymer with the micelles before dip-coating the substrate.®”’ By varying

VA

the ratio of the polystyrene to the block copolymer, the spatial arrangement of the micelles on

1

the dip-co ace was disrupted resulting in disordered arrays of nanoparticles. Eight

surfaces @ yared in this study. The first four surfaces were well ordered with inter-

particle dis £55, 70, 94, and 100 nm. The latter four surfaces had disordered arrays of

nanod similar average inter-particle distances, 58, 73, 92, and 101 nm. !

{

MC3T3-E1 ostegblast cells were seeded on these surfaces and the researchers assessed the

3

number 0 ent cells, projected area, morphology, and focal adhesion formation.™ The

A

osteoblasts ble to adhere and spread equally well on both the regular and disordered
surfaces for the most densely packed particles (inter-ligand spacing of 55 or 58 nm).

However, at larger inter-particle distances, the disordered surfaces were able to adhere larger
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number of cells and those cells were more spread and possessed thicker actin filaments and
stronger vinculin staining. The authors rationalize these interesting results by stating that
although t! age ligand density is over the critical ligand spacing for this cell type, the
disorder rﬁne ligands that are within the critical distance between one another.
N , . )
These hgags that happen to be close enough together are sufficient to promote integrin

of nanosca ds can be beneficial to cellular adhesion. Additionally, this implies that the

clustering mﬂ adhesion formation."*”! These results illustrate that disorder in the spacing
inherent nWrm distribution of multivalent ligands present on the blended surfaces

described 1n sectign 3.1 may actually be beneficial across certain concentrations of ligand

surface det

3.2.1.7. CM?ense Gradients in Ligand Spacing and Migrate in Response

The re re able to create surfaces with defined gradients in ligand spacing by

varying the r ion rate of the substrate from the micelle solution, the polymer
concentration 1n the micelle solution, and the polymer chain length.”™°" Controlling these
three para!eters enabled researchers to create substrates where the interparticle spacing
varied lin ween 50 and 250 nm. These substrates were functionalized with cyclic

RGD. MC steoblast cells were cultured on these surfaces and the spreading, focal

h

adhesion ation, actin filament formation, polarization, and migration were explored on

[90, 91]

the regi rface where the particle spacing varied from 50 — 80 nm.

ut

On surfaces t gradients the cells usually spread in a uniform manner with well-

develope in staining around the perimeter of the cells and well-established actin stress

A

fibers.””*! Cells cultured on the gradient substrates, on the other hand, were highly aligned

in the direction of the gradient, had thinner stress fibers, and less organized vinculin.

This article is protected by copyright. All rights reserved.
42



Additionally, the migration behaviour of the cells on the uniform and gradient surfaces was

different. The researchers observed that fibroblasts on homogeneous surfaces migrated in a

random mat However, on the gradients, the cells migrated in the direction of smaller

interpartic again demonstrating that the cells can sense and respond to small

[90, 91

changes igligand density. I The change in inter-ligand spacing over the length of a cell is

approximaigly lgm. However, this small gradient in ligand surface density was sufficient to

C

elicit cell p tion and directional migration, illustrating that the cells can sense and

respond t uigitely small changes in their environment.

US

3.2.1.8. Tra ng Nanopatterned Arrays to Soft Substrates

]

A limitati ck copolymer micelle nanolithography is that it is restricted to stiff

substrates ess this issue, the researchers developed a transfer lithography technique

dl

that en ocation of nanopatterned arrays onto polymeric substrates of varying

stiffnesses (Fi 12).%% Gold nanoparticle arrays are first fabricated on glass or silicon.
Then linker molecules (e.g. propene thiol or cysteamine) are covalently linked to the
nanopatteied gold particles via thiol chemistry. Next, the linker-functionalized substrates are
coated wi mer melt, polymer solution, or polymer precursor solution. The liquid
phase is the 1dified through cooling of the melt, evaporation of the solvent, or
crosslinki& of the precursor solutions, respectively. This step physically or chemically
attachew to the polymer. When the polymer layer is removed from the substrate, the
gold nano@ are also removed, resulting in a polymeric surface covered with a uniform
and well-or rray of nanoparticles. Additionally, the researchers are able to develop

nanoparti s on simple non-planar geometries such as glass rods. Upon transfer of the

particles to a soft substrate, this resulted in a lumen-like structure decorated with a well-
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ordered array of gold nanoparticles that could be functionalized with bioactive peptide

ligands."*

For cell stQparticle arrays were immobilized onto the planar surface of a

crosslinT< ?Ogel (molecular weight between crosslinks of 700 Da) that was a largely non-
fouling suw After functionalizing the nanoparticles with an RGD-containing peptide,
the adhesio spreading of 3T3 fibroblasts on surfaces with ligand spacing of 40, 80, and
100 nm w@red. Robust cell adhesion was seen on the surfaces with 40 nm spacing
between p@but was significantly diminished on substrates with larger spacing between

[92]

particles 1ll ing that the gold nanoparticles can be functionalized after the transfer step
and that tﬁn

ds are available for cell binding.

(O

, murine MSCs were plated on a planar PEO hydrogels with interparticle

spacing of 37 77, 87, and 124 nm between RGD ligands.” Cell adhesion, morphology,
and differentiation were investigated. As observed for other cells types, the number of
adhered cgs and their spreading decreased with increasing ligand spacing. Osteogenic and
adipogeni@ntiation of cells was assessed after seven days of induction. Interestingly,
larger space

ween ligands increased the efficiency of both osteogenic and adipogenic

differentiation over the range of particle spacing studied.” The osteogenic results are

h

L

contra as reported by Cooper-White who illustrated a decrease in osteogenesis

with increasing I3teral spacing between ligands.!”®! Unfortunately, more experiments were not

o

performed t s the interplay between ligand distribution and substrate modulus.

A

3.2.1.9. Decoupling the Impact of Global and Local Ligand Density on Nanopatterned

Surfaces using Electron Beam Lithography
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The micelle nanolithography process produces surfaces that are covered with extended
patterns of evenly spaced ligands. Thus, as the local density is increased (by decreasing the
spacinghanoparticles), the global ligand density also increases. In order to decouple
the effects&d global ligand density, an electron beam lithography approach was
utilized.%@y, after depositing the micelles on a surface, the desired patterns were
traced witm lithography to locally modify the polymer micelles. The polymer and

nanopartic e non-modified regions could then be removed through sonication in an

organic s _dhe remaining micelles were removed through exposure to plasma to leave

S

behind the desiréd patterns of the nanoparticles (Figure 13). Well defined micron-scale

Ul

regions that vered with nanoparticle arrays can be generated through this technique.”

For cell ¢

1

eriments, the researchers generated square patches of 58 nm-spaced

[95]

nanopartigles w contained between 6 and 3000 particles per patch.

(O

In their previ udies, the Spatz group showed that many cell types were unable to spread

or form focal adhesions on surfaces of extended nanoparticle arrays with a global ligand
density ofSOO ligands/um’ when the separation between ligands was 85 nm or greater.
However, Qork REF52-YFP easily spread, formed focal adhesions, and exhibited

well-forme n stress fibers on these micro-nanostructured interfaces, even though the

global li density was only 90 ligands/um?”. These results indicate that local ligand density

h

is the k#f focal adhesion formation and cytoskeletal assembly for these cell types,

and that as few aSsix ligands per island are sufficient to elicit these behaviours."”!

3.2.1.10. Conc[;onsfrom Micelle Nanolithography Studies
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The exquisite nanometer scale control of ligand spacing enabled by the micelle
nanolithography technology enabled researchers to gain insight into the fundamental
biophysics | adhesion, spreading, and focal adhesion formation. For instance, a spacing
of 60 nm jacent ligands is the maximum to enable focal adhesion formation for

N o o .
many cellges. However, for hematopoietic stem cells, the critical ligand spacing was
found to bﬁr, 32 nm. Additionally, it was observed that binding of the a,[; integrin is
critical for

ion of stable focal adhesions, and that cells can sense and respond to

gradients ap@ spacing. These interfaces also shed light on the counterintuitive impact

S

that certain antica@ncer drugs can have on the progression of cancer in vivo.

Ny

These results further illustrate the importance of multivalent ligands and their influence on a
wide rang@g Q

future carc materials. The migratory nature of cancer cells on these surfaces is

d

lar behaviours. Additionally, they provide further insight into design of

particu riguing. Until now, the authors have mostly looked at the future impact of

M

these studies from a tissue engineering point of view. However, these results illustrate that

multivale

I

s can also play a key role in the design of future diagnostic and drug testing

devices, e @l those related to cell adhesion and migration.

3.2.2.

th

(@8le Arrays via Nanoimprint Lithography

Sheetz and Windfeveloped a nanoimprint lithography (NIL) technique to create

b

nanostructure faces to precisely explore the critical density, spacing, and cluster size of

integrin e ligand that are essential for eliciting specific cellular behaviors.”*°” This

A

technique enabled the researchers to precisely regulate the local and global density of ligands

through the control of factors including the number of ligand per island, the space between
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islands, the space between ligands within an island, and the density of ligands. The nanoscale
bioarrays were generated through multiple steps (Figurel4). First, the NIL masks were
created by Eﬁ:’cal vapor deposition of either hydrogen silsesquioxane or diamond-like
carbon on fer and patterned by electron beam lithography. The pattern was then

C . . _

imprinted snto a 60 nm thick poly(methyl methacrylate) film that had been spin coated onto a
glass or siligon Bubstrate. Once the pattern was transferred, a hard mask of titantum was
selectively ited on the raised features of the PMMA by angled electron beam

evaporati e Wafer was then descummed to expose the underlying glass or silicon

S

substrate, gOE-gladium (AuPd, 60%/40%, 3 nm thickness) was deposited by electron beam

evaporation, lift_off was performed, and thermal annealing was implemented by immersing
of the sub iilyboiling acetone. The processing resulted in a surface of uniformly spaced
spherical Au oparticles with size of < 10 nm on a background of either glass or
silicon,.2%21

Before these materials could be used for cell culture, the nanoparticles needed to be

biofunctioglized with cell adhesive ligands and the glass/silicon background needed to be

passivate@on-foulimg layer. To accomplish these tasks, the substrates were

submerging mixed solution of biotinylated ethylene-glycol-undecylthiol and ethylene-
glycol—ungzlthiol.[%’ 1 The thiol groups formed a self assembled monolayer on the
nanopaiHhiol chemistry. The space between nanodots was passivated via a
monolayer of PEG-silane to prevent nonspecific protein adsorption and cell adhesion. The
biotinylated articles were then able to bind a wide variety of molecules via

biotin/ 54 interactions, an interaction that the researchers utilized in order to
functionalize the dots with a cyclic RGD peptide. It is likely that more than one ligand was

immobilized to each nanoparticle. However, the particles were < 10nm while the diameter of
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an integrin head is 8-12 nm; therefore, it is believed that only one integrin would be able to
interact with a single nanoparticle.”®°”! By controlling the pattern of the initial NIL mask, the
distribution e resulting nanoparticle array could be finely controlled providing the
researcher; isite control over the spacing of individual cell adhesive ligands and

N , , . _ ,
allow unpgecedented control over factors including local and global ligand density, spacing

between lﬂands, spacing between individual ligands, etc.

The resea s generated hexagonally packed arrays of nanodots.””! The distance between

dots in these arrSF was varied between 50 and 100 nm. NIH 3T3 fibroblast cells were used

to investiga ynamics of spreading over 3 hours. Essentially all cells were able to spread
on the co

ace, while cells were only capable of spreading on some of the nanoparticle
arrays. Spmv, a large percentage of cells (> 80%) were able to spread on arrays where
the dis en dots was less than or equal to 60 nm, or else low levels of spreading (20
—30%) was ed. The researchers also generated surfaces with islands of nanoparticles
to determine the minimum number of ligands that is necessary to support cell spreading. The
number oiarticles per island was varied from 2 to 7 while the global ligand density was held

constant a@nds/ um? (the space between each ligand in a given island was 60 nm). A

noticeable 1 se in the percentage of cell spreading was detected between surfaces

presenting® and 4 ligands per island. Only 50% of the cells on the surfaces with islands of 3

h

L

ligands o spread, but this value increased to 80% on surfaces with islands of 4

ligands indicatind}a threshold of local density that must be reached.””!

H

3.3. Bio-1 Approaches

A

3.3.1. Protein Chimeras

3.3.1.1. Transfected Bacteria can Be Used to Produce Protein Chimeras
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The early work done to produce biomaterials displaying multivalent ligands used synthetic

chemistry and lithographic techniques. Kreiner et al. was the first to employ a biotechnology

{

P

approach 1 1 to produce surfaces functionalized with well-controlled multivalent
ligands."”® k, researchers aimed to make a multivalent ligand that binds the asf3;

integrin.”& To accomplish this, protein chimeras containing the 9™ and 10™ domain of type

[

III fibroneggin vagre produced using transfected Escherichia coli (E. coli). The protein

C.

chimeras ¢ ed five key features as shown in Figure 15: (1) a polyhistidine tag to enable

>

purificati inity chromatography; (2) the 9™ and 10" domain of fibronectin type I1I

that contain the Banding and synergy site; (3) a spacer group based on an IgG hinge to prevent

U

steric hindr tween integrin receptors; (4) a domain based on the GCN4 leucine zipper

1

that enabl sembly of the individual protein chimeras into dimers, trimers, or

tetramers Mia W d coil interactions; and (5) a C-terminal cysteine. The terminal cysteine

d

was fu ionalized with a biotin linker to enable directional attachment of the protein

chimeras to -coated substrates.”®!

The self a!embly of these protein chimeras into dimers, trimers and tetramers, and the
subseque ation based on size exclusion chromatography enabled the production of

multivalent ds with a high degree of control over the number of ligands per molecule.”®!

h

Upon im ilization to a surface pre-adsorbed with avidin, surfaces displaying 2, 3, or 4

{

binding er island were generated. Additionally, baby hamster kidney fibroblasts

were incubated ofd the surfaces. The number of cells with spread morphology was

Ul

significantl r for surfaces with larger numbers of ligands per island."”® Unfortunately,

only init1 jon and spreading experiments were performed, more long-term cell culture

A

experiments were not reported, nor was the global ligand density present at the surface

controlled.
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3.3.2 Multivalent Integrin-binding Ligands Enhance Tissue Healing and Implant Integration

in vivo

Petrie et a ced multivalent protein chimeras using transfected E. Coli."®! These
.0 I th th . . .

protein chameras contained the 7" to 10™ domain of type III fibronectin, a 21 nm long flexible

linker groyg demiged from tenascin, and a coiled-coil domain that enabled complexation of

the protein ras into monomers, dimers, tetramers, and pentamers (Figure 16). These

multimersw;n covalently immobilized to medical grade titanium surfaces that were

passivate@EG layer.['%

In vitro, thes were used as a substrate for MSC culture under osteogenic
conditionm&lces presenting the trimeric and pentameric peptide exhibited twice as

much 1 ing as the monomeric and dimeric surfaces. No difference in integrin

binding was ed between the trimeric and pentameric surfaces, indicating a threshold
response and not a monotonic increase with valency. Integrin signalling was also assessed
through FAK phosphorylation studies, and it was found that surfaces functionalized with

pentamers in increased phosphorylation, again supporting the idea of a valency-

dependent t old effect. Additionally, cells cultured on trimeric and pentameric interfaces

h

showed siSnificantly more osteogenesis as assessed through an increase in alkaline

[100]

L

phosph ty and calcium deposition.

In vivo, tita ds functionalized with the mutlivalent ligands were implanted into tibia

defects n odel designed to mimic dental and orthopedic clinical procedures.'*” No

Au

evidence of fibrous encapsulation or chronic inflammation was observed for any groups.

However, the researchers observed a 50% increase in bone-implant contact area for trimer-

This article is protected by copyright. All rights reserved.
50



and pentamer-functionalized materials compared to monomer- and dimer-functionalized
surfaces and a 75% increase over unmodified titanium implants (the current clinical
standard). ermore, through pullout tests, the trimer- and pentamer-functionalized
surfaces e 50% increase in fixation compared to other functionalized surfaces and
N o [100] .
a 400% 1rsease compared to bare titanium.' ' These results provide the most clear support
for the usegivalent ligands in the development of future healthcare materials intended
for in vivo US&

2,

3.3.3 Recombinamt Elastin-like Protein

Benitez, e used recombinant protein expression to generate biomaterial substrates
functionalg nanoclusters of ligands.!"""! Specifically, the researchers utilized a
recombin@ressed elastin-like protein. This protein lacks intrinsic cell adhesive
capacit] e engineered to contain cell adhesive groups, in this case the RGD peptide
sequence. searchers produced a recombinant protein that contained the cell adhesive
RGD group and protein that contained the non-adhesive RDG group. These two proteins
were thenm together in various ratios to control global and local ligand density (Figure
17). Anot @ ct feature of this research is that instead of producing planar cell culture
surfaces, t terials were electrospun in order to produce fibrous mats. After

electro se protein scaffolds were crosslinked with glutaraldehyde to produce
water-stable materials. Using this approach, the researchers were able to produce surfaces
with a far wider g@nge of ligand concentrations than previous techniques. Local ligand

density vagi m 0 to 122,000 ligands/um® and global ligand density from 0 to 71,000

ligands/pm™
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In vitro cell culture experiments with HUVECs enabled the researchers to make several key
observations. It is well established that when global ligand densities are too low, insufficient
integrin bindiag occurs due to poor availability. Conversely, when the global density is too
high mostan bind ligand while maintaining a random distribution, thus preventing
clusterizg msearchers identified that HUVECS on clustered surfaces performed best
when the gd@balligand densities was approximately half of the saturation point for ligand-
integrin inus (approximately 12,000 RGD/um’ for HUVECs).!""! At these
conditionWs exhibited increased cell proliferation, focal adhesion number and focal
adhesion Kinase @xpression. Additionally, at excessively high local ligand density (122,000
[1o1]

RGD/ umzﬂvision, focal adhesion number, and focal adhesion kinase expression were

significan

(O

4. Em emes from Ligand Clustering Technology

ased; likely due to steric overcrowding of ligands.

4.1. Bi ledge

From a biﬁgieal perspective, these studies have clearly illustrated the importance of integrin

clustering moting a wide variety of cellular behaviours including adhesion,

morpholo expression, proliferation rate, adhesion strength, and cellular
differentiion. Additionally, both the local and global concentrations of ligands are critical
mediatW cellular functions, and there are optimum values of ligand density on both

n individual cluster level, Arnold, et al. studied focal adhesion formation

on surfaces wit few as 6 ligands per island, and found that this local density is sufficient

esirable cellular behaviours for fibroblasts.”™ Similarly, Petrie, et al. studied
surfaces functionalized with 2 — 5 ligands per island, and it was determined that surfaces with

4 and 5 ligands per island were sufficient to improve cellular behaviour of MSCs in vitro and
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biomedical device integration in vivo. For local densities below these levels, the maximal
cell response was not observed, indicating that local densities of 4 — 6 ligands per island are

d_[lﬁ

require m a biological perspective, this is an interesting discovery as focal
adhesions 00 nm in size and contain thousands of individual protein molecules,
W ) )
while the Srmatwn of these large and complex adhesions are nucleated by the clustering of
relatively Qﬂds. As illustrated in silico by Brinkerhoff and Linderman, ligand

clustering a operatively with the natural propensity of integrins to dimerize through fast-

S

forming a ealfl interactions enabling the aggregation of larger structures that act

cooperatively in%e formation of stable adhesion complexes.!®!

4

In addition to the number of ligands per island, these studies have provided insight into the

d

optimum f ligands within an island. If the separation distance between ligands is

too sm ric nindrance occurs, and cellular adhesion is inhibited.!"!] Conversely, if

ligand 1s too large, focal adhesions are unable to form and critical parameters such as

M

cell adhesion and adhesion strength are compromised.****! Interestingly, this critical spacing

r

between | s been shown to vary between cell types. For osteoblasts, melanocytes,

and fibroblla ipacing of approximately 58 nm was required to enable focal adhesion

formation i r hematopoietic stem cells, a critical spacing of approximately 32 nm was

N

identified: either scenario, advanced materials fabrication techniques are required in

{

U

order to e appropriate nano-scale spacing of adhesive ligands.

In addi e local density of ligands, the global density of ligands is also a critical

A

parameter. For instance, it has long been known that there is a saturation point of ligands at

the surface in order to maximize cell adhesion. Additionally, there is a biphasic trend
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between ligand density and migration speed where too few ligands leads to slow cell
migration due to poor cell/substrate interactions, too many ligands leads to slow cell
migratic#n overabundance of cell/substrate interactions, and there is thus a
maximu"an at intermediate ligand densities.!'”” These studies have also increased
underst:n Mhe optimal global surface density of ligands and the optimal spacing
between islandsef ligands. For instance, it was illustrated that HUVECs on clustered
surfaces pmest when the global ligand density was approximately half of the saturation
point for lw:egrin interactions (approximately 12,000 RGD/um?)."*") However, these
experiments hav@not been performed using different cell types, limiting the conclusions that
can be dra these data. Additionally, the distance between islands of ligands was
illustrated gopi nce cell proliferation and differentiation capacity. Despite the general
consensus@h global and local ligand presentation is critical in mediating cell function,

there a cies in the data. Specifically, as the lateral spacing between ligands

increases, 0s ic differentiation of MSCs was found to decrease and adipogenic

differentiation was found to increase in one study!’®!

, while greater lateral spacing between
ligands wa§ found to increase both osteogenic and adipogenic differentiation in another
ults illustrate the importance of ligand clustering and provide general

design gui s in terms of how the spacing and density of ligands regulative cell

behaviors.\However, we still possess incomplete knowledge on how these parameters will

th

influen vior of a given cell type, illustrating that optimization at multiple size

scales is critical ithen designing a biomaterial interface. Additionally, other parameters such

U

as ligand t also likely important, yet this has not been thoroughly explored in a

multivale at.

A
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Perhaps the most compelling data presented in this review is the improved in vivo
performance of biomaterials and biomedical devices that are functionalized with multivalent

integrin bindiag ligands. Suboptimal angiogenesis of tissue scaffolds is a longstanding

problem t ing progress in the tissue engineering field, and the data reviewed in this

article supgrts the idea that biomaterials functionalized with clustered ligands may play an

important Qddressing this longstanding challenge.'® Additionally, the superior
T

osteointeg nd tissue healing observed by titanium implants that were functionalized
with multW\tegrin binding ligands further supports the use of these materials in the

fields of tissue ejmeermg, regenerative medicine, and biomedical device design.!'""!

biomateri

Interesting! , t;e ;1rst manuscripts describing the importance of clustering integrins on a
m were published in the early 2000s.1”) While generating biomaterials

nano-scale clusters of integrin binding ligands remains an active area of

it is not a technique that is widely adopted by the broader biomaterials and

tissue engineering community, despite the clear benefits. One major goal of this review

I

article is t areness of this technology, so that it will become more widely explored

and utilizdg elopment of next generation biomaterials.

4.2. M nce

th

From a materials§cience point of view, several distinct methods of producing biomaterials

Ul

with nano-clu of integrin-binding ligands have been produced. Some are based on

blendin ies and exploit the nanometer scale of single polymer molecules or

A

nanoparticles, others rely on bottom up nanolithography techniques, and others still utilize

protein-engineering methodologies. However, despite the method of production, these
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studies clearly show that ligand clustering is an additional handle for biomaterials innovation.
All of these technologies have distinct advantages and disadvantages relating to ease of
synthesis a rication, cost, and control and assessment of the interface (Table 3). The
authors femin techniques are more promising platforms for future development.
Speciﬁc-alm\HL approach provides the most flexible platform for studying how basic
biological ghe ena are related to exact spacing of ligands. The authors prefer this method
comparedml\le nanolithography, as the micelle approach is currently limited to a
hexagona ia¢ of nanoparticles while the NIL approach enables greater control of the
ligand distributiom within a given ligand island, although this potential has not yet been fully

explored.

nus

Unfortuna! lithography technologies are limited by the size, scale, shape, and material

an

compo ot the substrates. Additionally, the utilization of (gold) nanoparticles potentiates

undesi mifications including toxicity if used in vivo.l'"®! For larger scale applications

[\

such as the fabrication of biomedical devices and tissue scaffolds, the polymer blending

I

strategies e most promising as they utilize standard and readily available

chemistric p6lymers can be fabricated into complex and three dimensional shapes via

establishe d fabrication techniques or coated onto the surface of implants, and they do

Lith

not rel X protein engineering technologies. Although these blending techniques do
not provi nular control of ligand presentation at the interface, the extensive body of
literature in this review illustrates that these surfaces are sufficient to promote

ligand cy and clustering, and thus achieve improved cellular interactions.

A
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From an economic point of view, the use of biomaterials functionalized with clusters of
integrin binding ligands is also advantageous. When synthesizing biofunctionalized
materials, tide ligands or recombinant protein fragments are often the most expensive
compone laborious, time consuming, and specialized techniques required for
their prodsﬂon and purification. Therefore, maximizing the biological impact of the ligand
1s desirablmhe point of view of production cost. Glass, et al. illustrated that cells

adherent to aterials functionalized with islands of ligands exhibited the same behaviours

S

as surface re homologously functionalized with peptide at the same lateral spacing,

despite the tact that the homologously functionalized surface contained ~6-fold more

(&

4

peptide.” is means that the surfaces functionalized with nanoclusters of ligands evoked

1

the same igal behaviour from adherent cells as was observed on a surface that

contained larger quantity of ligand. Thus, this technology may provide a path

d

toward tly reducing the cost of functionalized biomaterials.

M

5. Future Directions

[

The authors see several directions for future research related to nanoclustering of integrin

binding lig @ at would lead to improved knowledge of biology and improved
performa medical devices. The first logical steps revolve around expanding the

palette of hgandsgand cells that have been studied. Thus far, the impact of multivalent ligands

th

has only ored on relatively few cell types including fibroblasts, preostoblasts,

U

myoblasts} Cs, MSCs, HSCs, and cancer cells. However, the ability to regulate key

proces ese cells including proliferation, gene expression, and differentiation warrants

A

the study of how ligand clustering impacts other cell types. Additionally, of the numerous

number of integrin binding ligands that have been identified, only the RGD ligand has been
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thoroughly explored in a clustered format. Different ligand types can result in drastically

(68,7

different cellular behaviours.[® 7> 19191 A5 such, assessing the impact of nanoclustering on

a wider varj f integrin binding ligands is of interest. Furthermore, only integrin binding
ligands haalored. While integrins are the primary receptor family for cel/ECM

[
interactions, they are not the only family of receptors that connects the cell to the ECM.

[

Additionallg, chagtering is also critical for the biological performance of other receptor types

such as the

G

can receptors.' %' The authors propose that advanced biomaterials can

]

be genera ploring ligands for other receptor types in a multivalent format.!'®'"!

Uus

Ligand m cy may also play a role in the development of advanced materials for ex

§

vivo cell expansion and biomedical implants. Recent research has shown that decellularized

extracellu

d

materials (dECMs) are useful for maintaining the phenotype of cells

during -scale expansion.!'*!") However, such dECM materials are limited in

availabili ¢ often isolated from allogenic or xenogenic sources, and are difficult to

M

115

1 -

sterilize.l''®! Therefore, developing synthetic mimics to these materials is an area of great

interest. rch described in this review has illustrated that ligand density and

patterningftegulatés key cell parameters including proliferation and differentiation.

Therefore it that ligand multivalency will play an important role in the development

of next synthetic healthcare materials for xeno-free cell expansion.

{

U

The impact of ligand multivalency in the field of cellular biomechanics has also been largely

unexpl cal adhesions act as signalling nexuses for cells and the mechanical forces

A

they experience. As described in this review, initial work has been performed to assess how

mutlivalent ligand presentation interacts with substrate stiffness to regulate cellular
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[61.92.93] However, improved understanding in this area is needed. Specifically, the

behaviors.
range of substrate moduli explored by Hsiong, et al. was relatively narrow (20 — 110 kPa)./°!
Coupling ivalent ligand presentation with a wider range of substrate stiffnesses could
lead to m gmetic in vitro assays for exploring the impact of substrate mechanics on
cell typgs.Eliterature reported herein has already illustrated the utility of multivalent
ligands in develaping ex vivo models of disease states such as cancer metastasis.™ Coupling
such matemh substrate mechanics could provide an in vitro platform to more faithfully
model se\wwnging pathologies (e.g. liver fibrosis) which is hallmarked by stiffening
of the ECIDeyond substrate mechanical properties, integrins are also critical in the

response of applied mechanical forces.!"'”'"®! As such, multivalent ligand technology

could hawv tial impact in the field of cellular biomechanics and its applications in

tissue engfhe Many scaffolds are seeded with cells and matured in bioreactors with

119, 120]

applie a step that is critical for the development of the neo-tissue. The

authors predi t coupling multivalent ligands with mechanical loading will increase the

cellular response to these mechanical stressors. Beyond advancing fundamental

mechanobSlogy knowledge, this could lead to improved design of tissue engineering

scaffolds. O
Clinica& envision this technology improving the performance of biomedical

devices. presented in this review has already illustrated the ability of ligand
clustering ji@mi ve the vascularization!®®! and osteogenic integration!'*”! of materials in

Vivo. gether, the in vitro and in vivo data illustrate that advanced materials can be
fabricated utili the design principles and knowledge generated from these studies to
improve the performance of future biomedical devices and tissue engineering constructs.
However, the design of next generation biomaterials for in vivo applications has additional
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constraints. First, most of the studies reviewed in this article have focused on the utilization
of multivalent ligands in a 2D planar geometry. However, most tissues have a complex and

three-dimﬁpe. To the authors’ knowledge, only two studies have explored the

impact of ligands on complex 3D structures, meaning there is great scope for

. E— . . . .
assessing ghe impact of assessing the interplay between multivalent ligands and a three
dimensiourowth environment.®” """ Generating novel biomaterials suitable for
scaffold pr on through techniques such as 3D printing or electrospinning or injectable

materials

S

thermoreversible or UV curable gelation that display ligands in a

multivalent forntat will be of upmost interest.!'*''**) Additionally, other constraints such as

U

the host rea the material — including protein adsorption/denaturing, fibrous

&.

encapsula nic inflammation, and blood coagulation — must be considered. For these

reasons, t s feel that the polymer blending strategies are most suitable for in vivo use.

d

This te bles the properties of the bulk polymer to be engineered. Specifically, the

polymer can signed with non-fouling properties (such as the PEG-based or alginate-

based materials reviewed herein). These materials prevent the deposition of biomolecules
from the lilogical milieu, and as such are generally well tolerated by the body.!"**'**! For
instance, t e by Petrie et al. coated titanium implants with a PEG-based material

functionaliz ith multivalent ligands. The researchers did not observe the development of

h

.. . 100 . . .
a fibroys capsule or chronic inflammation."®” However, there is growing evidence that

L

illustrat may undergo degradation in vivo.l'"**'** As such, the in vivo study of

ligand multivalerl@y on next generation non-fouling materials such as zwitterionic materials

Gl

or polyoxaz is required.!?**¥

A
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Table 1. Gompagison of substrate patterning for biomaterials functionalized with multivalent

integrin B‘i)amg ilgands. Values are not available for cells that are blank.

=

- {

Average
ligands per
island

#

Average
ligand
spacing
within
island
(nm)

Average
spacing
between
islands
(nm)

Global

ligand
density
(#/ pm?)

Ref

Blending techniques
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pr

PEG star 1-9 6 - 300 1,000 - 1491
polymers 200,000
PMW 1.7-54 14-25 50 - 300 190 - 5,500 | PO>%
comb po S
1-25 36 - 168 3000 — 13762, 64]
60,000
|68]
6 29-62 1,000 - [72-77]
4,500
Nanolithography techniques
Nano i 20 - 250 [78-84, 86-95]
arrays via micelle
nanolith@graphy
Nano 2-7 50 - 100 56, 97]
arra
nanoi
lithograph
Biotechnology techniques
Protei eras 1-4 (98]
Protein chimeras 1-5 10 -50 903 (100}
Recorﬁinant 0— 71,000 ton]
elastifi-

O

Table 2.

multiv

t

on of key biological responses to biomaterials functionalized with

Subst Cell
ubstra igands types Key biological findings Ref
Blending techniques
PEG star | Linear RGD | WT NR6 |e Clustered surfaces promote 1491
polymers Fibroblast adhesion complex formation;
S
e Enable increased cellular
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migration speed;

Interact with growth factor
signaling to synergistically
increase cell migration speed;

Improve adhesion strength of
cells

Nanoscale organization of ligand
and substrate stiffness can be
cooperatively tuned to promote

ear RGD, | WT NR6 Clustered surfaces result in 150-54]
KRGD | Fibroblast “reinforcement” of cell adhesive
S strength;
Longer tethers between the ligand
and polymer backbone enables
faster assembly of adhesion
complexes, cell adhesion, and cell
spreading;
These polymers can be blended
with standard scaffolds materials
(ex. PLLA) and impart non-
fouling and bio-specific function
mmear RGD | HUVECs Clustered surfaces improved 361
HUVECs adhesion, migration,
and proliferation rate at the
highest local and global peptide
density
Alginate ear RGD, | MC3T3- Nanoscale organization of ligands | B ¢!
hydroge lic RGD El regulates adhesion, proliferation, 641
preosteob and osteogenic differentiation;
lasts,
human Influences FAK
bone phosphorylization, cell spreading,
marrow and and proliferation rate;
mesenchy Regulates nonviral gene delivery
mal stem and expression;
cells
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proliferation

adhesion formation, and
osteogenic differentiation

RGD | Fibroblast Nanoscale organization of ligands 139
S regulates adhesion and
proliferation rate
ar RGD, | Myoblast Nanoscale presentation of ligands 160]
clic RGD s regulates proliferation rate
car REDV | HUVECs Clustered surfaces increases 1681
HUVEC adhesion and support
larger numbers of HUVECs after
7 days of culture;
In vivo, gels with nanoclustered
ligands promote angiogenesis
ear RGD, 3T3 Nanoscale organization of ligands | *7%77!
11710 fibrobasts regulates cell adhesion, focal
copolymer | adhesion formation, and
morphology
Linear RGD, Bone Cell adhesion was not affected by (73]
VAV marrow ligand type; however, cell
MSCs spreading was significantly
greater on RGD-functionalized
surfaces
ear RGD Bone Lateral spacing of ligands 76l
marrow influences cell spreading,
MSCs cytoskeletal organization, focal

Nanolithography techniques
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Nanoparti
cle arrays
via
mice
nanolitho

raphy

Cyclic RGD

REF52
fibroblast
s, B16
melanocy
tes, and
3T3
fibroblast
S

Lateral spacing between ligands >
73nm results in limited cell
adhesion, spreading, actin
filament formation, and focal
adhesion formation;

Cell spreading is slower and
migration is more erratic on
surfaces with 108nm between
ligands compared to 58nm;

Lateral spacing between ligands >
90nm focal adhesion formation is
inhibited and cell adhesion
strength and stiffness of the cell
body decreases;

Only 6 ligands per island are
required to establish focal
adhesions

[79-81, 83, 84,
90, 92, 95]

Hematop
oietic
stem cells

Lateral spacing of ligands of
32nm results in a greater degree
of lipid raft clustering compared
to 58nm;

[82]

Hela cels

Cells lose cell-cell contacts when
migrating on surfaces with lateral
ligand spacing of 52nm, yet retain
more cell-cell contacts on
homogeneous surfaces

[87]

Melanom
a cells

Soluble integrin-directed
antitumoral compounds may shift
melanoma cells into a more
permissive state and facilitate
metastasis

[88]

MC3T3-
E1
osteoblast
S

Disorder in ligand lateral spacing
can improve cell adhesion and
spreading;

Cells can sense ~Inm changes in

[79, 89-91, 129]
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ligand spacing, and this results in
cell polarization and migration
towards more closely spaced
ligands

Bone |e Lateral spacing of ligands along (53, 130-133]
marrow with matrix stiffness and cell-cell [136]
MSCs interactions regulate multilineage
differentiation potential of MSCs
e Larger lateral spacing between
ligands was found to enhance
maintenance of chondrogenic
phenotype
sp1- and U20S |e Activation of o,B3 integrin is not L86]
- agonists | osteosarc essential for initial cell adhesion
oma cells and spreading but is essential for
formation of stable focal
adhesions
Nano lic RGD 3T3 e 4 ligands per island was a critical 196,571
cle arrays fibroblast threshold that must be met to
vi S facilitate cell spreading
nanot
nt
lithogra
y
Biotechnology techniques
Protein NI1llo.10 BHK e Ligand clustering increases cell 98]
chimer fibroblast spreading
S
Proted 111749 MSCs |e Cells adherent to surfaces (100]
chimera functionalized with islands

containing > 3 ligands showed
significantly more integrin
binding and osteogenic
differentiation;

Greater FAK phosphorylation
was observed for cells adherent to
surfaces functionalized with
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islands containing 5 ligands;

No difference in integrin binding
was observed by cells on islands
containing 3 or 5 ligands
indicating a possible threshold of
local density that must be
reached;

In vivo, implants functionalized
with islands of 3 and 5 ligands
showed significantly greater
osteointegration in bone healing
model

Recomb ear RGD | HUVECs If appropriately clustered, cells ftol]
ant exhibit similar proliferation, focal
elastin adhesion formation, and focal
like . . .
. adhesion kinase expression as
protein
cells grown on random surfaces
with much higher global ligand
density
If local ligand density is too high,
ligands are unavailable for cell
binding due to steric hindrance
Table 3. A@Vantages and disadvantages of techniques used to produce biomaterials
functionall & multivalent ligands.
Sub i
u Z£ Advantages Disadvantages Ref
Blending techniques
PEG sta ables precise e Polymers are water soluble, 1491
polymers ntrol over the size requiring covalent

of nanoscale islands
e to size of star
polymer;

e Materials are

immobilization to an interface;

Some ligands may be
unavailable for cell binding due
to the orientation of the star
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commercially

polymer at the interface

available
PMMA “ [aterials are ¢ Distribution of ligands at 13054, 56]
r-POEMg yaathesized by interface is difficult to assess
comb andard
polymers polymerization
cchniques enabling
Alginatdf| ge scale 37621
hydrogel production and
S alability;
ould be used to
bricate complex
D geometries (ex.
issue scaffolds)
(
Alginate | e  Materials are e The use of nanoparticles limits 1681
hydrqge ‘ mmercially in vivo applications due to
s with gvailable enabling potential for nanoparticles to
nai()) o arge scale dislodge and result in toxicity
cles ». roduction and
calability;
e Distribution of
ligands at surface is
sy to measure via
gtandard imaging
“ hniques
[72-77]

PS-b- ‘ e Materials are
PE@ pmmercially

block dvailable;
copoly
er

standard imaging

4. echniques

-‘ istribution of
oands at surface is

Asy to measure via

e Surfaces are produced via spin
casting, limiting sizes of
surfaces that can be covered and
limiting this technology to 2D
interfaces

Nanolithography techniques
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Nanopart | e Enables exquisite e Limited in vivo applications due [78-84, 86:9]
control of local and to potential toxicity of
bal ligand nanoparticles;
density, distance ) o
. e Uses expensive and specialized
tween ligands ;
equipment;
n a nanoscale 196.97]
clo island, ar%d distance |4 Cannot be used for complex 3D
arrays vi between islands shapes or to cover large surfaces
nanoimpt istribution of arcas
nt ds at surface i '
lithograp ands al Surlace1s 1o Can only be fabricated on few
hy Sy to measure via background materials
ndard imaging
echniques
Biotechnology techniques
Protein@] ¢ Enables precise e Uses expensive and (98 1001
chimera ntrol over number specialized
ligands per equipment and
noscale island; molecular biology
techniques;
an be used to
rfage ' e Distribution of
nctionalize ligands at interface is
mplex 3D difficult to assess
geometries
Recomb Can be used to ol
nant bricate complex
elastin- geometries
like
protein
Figure 1. ' 10physics of integrin receptors: (A) Integrin receptors are non-covalently

linked

s that span the cell membrane. Externally, they bind with high specificity

to polypeptide mgtifs in the external environment, while internally they link to the cell’s

cytoskeleton.

proteins i

When bound to multivalent ligands, cells exhibit a full adhesion response

talin and vinculin, adaptor proteins such as paxillin and tensin, and

that inclugrmation of integrin-mediated adhesion complexes that contain structural
ncludi

signalling molecues including focal adhesion kinase and Scr-family kinases.™® '-*!1 (C)

However, cl

adherent to biomaterials presenting monovalent ligands, focal adhesion
alling events, and a variety of other cellular behaviors are impaired. (D)
se cells on surfaces functionalized with multivalent ligands promotes the

formation of adhesion complexes and exhibit a more biomimetic response including
formation of focal adhesion and increased integrin-mediated signalling.
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Nucleus —- oo |

Actin stress fibres

Focal
adhesion
Proteins

Figure 2. Hj ally, biomaterials have been biofunctionalized such that monovalent
ligands (bick dots) are randomly distributed across the interface (orange squares). Next
generatg I rials have been developed that provide biomaterials scientists and
additionalghandlegfor innovation. Specifically, fabrication strategies have been designed to
provide amfexperimenter with control over both the global ligand density and the nano-scale
local liga . These advanced fabrication strategies enable researchers to tailor the
total surface denglty of peptide, the valency of the ligands, the spacing of ligands within a
cluster, and the spacing between ligand clusters.
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Randomely = B =
L ] L]

L]

L] L]

Distributed

Local Density
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nuscript

Figure 3. fabrication strategies have been developed to enable the development of
materials Wit tivalent ligands. In this review, we differentiate these technique into three
main categ@ri ) Blending techniques where highly functional polymer molecules or

cl

nanopagti lended with non-functionalized polymer. Synthetic star polymers and
comb po have been used along with naturally occurring alginate, and block
copolymers. anolithography techniques that enable surfaces to be functionalized with
spatial gold nanoparticles. These particles are then functionalized with ligand to

enable precise control over ligand spacing. (3) Recombinant protein techniques where
protein mimics are recombinantly expressed to display multivalent ligands.
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Figure 4.€A) The canonical method for biofunctionalized materials design is to randomly
decora with ligand. (B) However, the blending strategy takes advantage of the

nanom individual polymer molecules or nanoparticles to generate multivalent
ligands. report of this technology blended highly functionalized star polymers with
non-functionaliz&g star polymers.* The degree of substitution of ligand onto the star
determine

rage valency of the ligand, the size of the star polymer defined the size of
the island liga nd the blending with non-functionalized star polymer determined the
averag between islands of high ligand density.
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A. Non-clustered Surfaces
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functionaliize multivalent ligands. These materials were polymerized as a random
copolymer Of yl methacrylate and PEO-methacrylate. The methyl methacrylate results

inaw e material. When film cast, the polymer chains at the interface form a
quasi-2D st with the hydrophobic backbone of the polymer laying in the plane of the

Figure 5. m‘olymers were developed that also enabled the fabrication of interfaces

interfac ¢ hydrophilic pendant groups segregating into the aqueous phase and
resulti fouling interface. When some of the polymer chains are highly
functionalized with ligands, the size of their random coil structure governs the size of the
multivaleng ligands.

Nanoisland © RGD
_ Island Spacing

L.
-

<« Water

PEO
PMMA

A

<— Polymer Bulk
<«— Substrate

Functionalized PMMA-POEM-HPOEM
Comb Copolymer
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Figure 6. sis was used to confirm that films of the copolymer blends resulted in
surfaces functionalized with multivalent ligands. After film casting, reactive groups that
would Be @sed to bind ligand were instead covalently linked to 1.4 nm gold nanoparticles.

(A) These es were then imaged with TEM to observe the distribution of nanoparticles
at the surfage. Image analysis was used to predict the backbone of the individual polymer
chains. RdproducBd with permission.”? Copyright 2006, American Chemical Society.

£

C

Manus

Figure 7.M‘cides are often attached to the polymer via a flexible tether, a PEO pendant
group in this case. It was identified that peptides attached to longer tethers of 14.3 nm enable
more rapidfccll Spreading and focal adhesion formation compared to shorter tethers of 6.5
nm. The 3 ﬁ ationalized this observation by stating that the longer tethers provide the
cells with a gf€ater ability to rearrange the ligands at the interface.
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Figure 8.; hydrogels functionalized with multivalent peptide ligands were also
produced giva blending technique. First alginate polymers were highly functionalized
with an RGD @ ide, blended with non-functionalized polymer, and then crosslinked into the
desired shape th#ough the addition of calcium ions.
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T

Figure 9. utilized diblock copolymers with hydrophobic blocks of polystyrene
and hydrophilic blocks of PEO to produce nanopatterned surfaces through phase segregation.

When thesg surlaces were spincoated, cylinders of hydrophilic PEO regions were dispersed
Eﬁhli b [72]

in a hydro ackground of polystyrene.

\ )

9,

o RGD

Polystyrene
~ <«— Substrate

Phase Segragation
) >

Functionalized PS-PEO
block copolymer

=

Figure lopolymer micelle nanolithography enables the fabrication of extended

arrays of hex@gonally packed gold nanoparticles. First, polystyrene-block-poly(2-vinyl

pyridine) ers are synthesized through living polymerization. The polymers are then
dissolved W toluene where they selfassemble to form micelles with polar cores.

Tetrach oqiaura ilis then reduced with hydrazine resulting in the formation of gold

nanopa in the core of the micelles. Substrates dip coated into this micelle solution
are cover iidsd monolayer of hexagonally packed micelles. Plasma exposure removes the
polymer compon@nts from the surface, resulting in a substrate covered with an extended array
of gold nal les with well-defined inter-particle spacing. The area between gold
nanoparticlesd n passivated with a non-fouling layer, and the gold nanoparticles are

functio with cysteine-terminated polypeptides.
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Figure 1 urfaces covered with an extended array of quasi-hexagonally packed gold
nanoparti trolling the size of the polar and non-polar blocks within the copolymer
enables control the nanoparticle size and the inter-particle spacing. The width of each image
corresponds to 3pum. Reproduced with permission.”® Copyright 2000, American Chemical
Societ

h
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Figure 128'Rig1d surfaces covered with extended arrays of gold nanoparticles were produced
via blo er micelle nanolithography, as previously described (Figure 10). The gold
nanopartiﬂes aregl)len reacted with a linker molecule, exposed to a PEO macromer solution,
and crosslthked. During lift off of the PEO layer, the gold nanoparticles are also removed
and result ible substrate with an extended array of hexagonally packed gold
nanoparticles ondhe surfaces. These gold nanoparticles are then functionalized through
exposure to cysteine-terminated polypeptides.
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Figure 13 iamsurfaces covered with extended arrays of micelles were produced via block
copolymefymicelle nanolithography, as previously described (Figure 10). The desired
patterning rface was then defined through exposure to an e-beam to modify the
micelles. fied micelles and the nanoparticles they contain are removed through
sonication§in ganic solvent. The remaining micelles are removed through exposure to
plasma to révea®Surfaces covered with the desired patterning of nanoparticles.
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Electron Beam
Lithography

w Patterning % Sonication % %

Plasma
rReD ?
(29989408 <Fu nctionalization
“
Passivation by PEG )
Top View
Particle spacing
within an island
<«
Island Spacing
Figure 14 nprint lithography enables precise control over the spacing of individual
ligands at thedntdrface. NIL masks are made by patterning wafers coated with hydrogen

silsesquiox iamond-like carbon using an e-beam. The pattern is transferred to a
poly(met!! methacrylate) film, and titanium is deposited on the positive features through
angled poration. After descumming, gold-palladium is deposited on the surface,
lift off i3 perforng@d, and the remaining gold-palladium regions are annealed to produce
surfaces% with gold-palladium nanoparticles with precise patterning. The surfaces

are then p , and the nanoparticles are functionalized to add specific biological
interactiony

<
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Figure 15. Multivalent protein chimeras produced by transfected E. coli. The chimera
contains a polyhistidine tag to enable purification via chromatography, the FNIIIy_;o domain,
a spacer group, a domain to enable selfassembly via coiled-coil interactions, and a terminal
cystein surface functionalization through thiol chemistry.
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Figure 16§ Multivalent protein chimeras containing the FNIII;.;o domain were produced. The
chimeras covalently linked to titanium surfaces that were pre-coated with a PEO
layer.
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Figure 17 4RTC8mbinant elastin-like protein was produced that can be designed to contain
cell adhesH @ D) or non-adhesive (RDG) groups. The polymers could be blended in
desired ratios in order to produce surfaces with controlled surface densities of the cell

adhesive EPgand.

s N
© RGD © RDG

o Blending

RGD Containing RDG Containing
Elastin Chain Elastin Chain Substrate

S

Title: Intmnstering Matters: A Review of Biomaterials Functionalized with
Multiv rin-Binding Ligands to Improve Cell Adhesion, Migration,
ngiogenesis, and Biomedical Device Integration

The functionalization of biomaterial surfaces with nanoscale clusters of integrin-
binding ligands has emerged as a powerful method of regulating the behaviour of
adherent cells. However, the fabrication of such nano-structured materials is not a
trivial. This review describes the techniques that have been developed to enable such
materials to be fabricated; describes the improved biological properties that these
material system can elicit, both /n vitro and in vivo, and discusses future applications

of these advanced healthcare materials.
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