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Abstract This review concerns the importance of length

and time on physicochemical interactions between living

tissue and biomaterials that occur on implantation. The

review provides information on material host interactions,

materials for medical applications and cell surface inter-

actions, and then details the extent of knowledge con-

cerning the role(s) that surface chemistry and topography

play during the first stage of implant integration, namely

protein adsorption. The key points are illustrated by data

from model in vitro studies. Host implant interactions be-

gin nanoseconds after first contact and from then on are in a

state of flux due to protein adsorption, cell adhesion and

physical and chemical alteration of the implanted material.

The many questions concerning the conformational form

and control of bound proteins and how this may impact on

cell adhesion in the first instance and later on cell signal-

ling and implant integration can be answered by systematic

investigations using model materials. Only then we will be

in a more informed position to design new materials for use

in the body.
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Introduction

This review highlights the importance/development of

physicochemical interactions between living tissue and a

biomaterial upon implantation. Of utmost importance are

the length scales of the species involved and the time for

specific interactions to occur. The bioactive nature of a

material describes its positive effect or interaction with

living tissue. A more precise definition for a specific

material may include terms such as osteoconduction or

osteopromotion, with the latter describing the directed

growth of bone due to the presence of a specific material.

Recent advances in the study of bioactive and biodegrad-

able poly(a-hydroxyacids) composite materials are pre-

sented to illustrate the occurrence of macroscopic

interactions between materials and living tissue. Then, the

latest developments in the understanding of surface

chemistry and topography at both the micron and nano-

scopic scale on cell and extracellular protein matrix inter-

actions are reported.

The bulk of a biomaterial presents physical and chem-

ical properties of the material that remain during the life-

time of the implant. They can be altered to allow the

biomaterial to mimic the physicochemical properties of

tissues which they are meant to augment or replace. Ad-

vances in materials design have resulted in the develop-

ment of products such as degradable sutures that naturally

decompose after fulfilling their function. Importantly, the

specific nature of a biomaterial surface both chemically and

physically determines how the living host tissue and/or

organism interacts with the implant. On a linear time scale,

in the early stages of implantation (nanoseconds to min-

utes) protein adsorption takes place, which is affected by

the chemical nature of the adsorption environment and

nanoscale topographical features. Surface-bound proteins
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may then mediate cell attachment during the next stage of

implant assimilation (hours to days) if they have the correct

orientation and conformation to interact with cell receptors.

In this way, the effects of surface chemistry are conveyed

through the adsorbed protein layer and macro-scale topo-

graphical features can also effect cell–surface interactions.

We highlight in this review some of the fundamental

principles which impact on the design of modern bioma-

terials. These have been categorised as those relating to

bulk material properties, to cell–surface interactions and to

protein–surface interactions. The field of biomaterials is a

major developing area that will generate new and improved

materials for use in the body.

Material–host interactions

The breadth of material types elaborated for biomedical

applications reflects the increasing need, but also the dif-

ficulty of the field, namely the control of the interface

between material and living host [1]. In the early days,

materials assessed by trial and error experimentation were

chosen to minimise perturbation. However, materials are

never inert. Biocompatibility or the clinical success of a

biomaterial is directly dependent upon the response of the

host tissue to the perturbation brought about by the foreign

material [2]. Biocompatibility is much dependent on the

site of implantation, the function and size of the implant

and the duration of implantation with a key issue being the

time-scale required for material–host tissue interactions to

become established [3].

The initial response to a material surface being placed in

a biological milieu is for water molecules to reach the

surface and create a water shell around the material on a

time scale that is of the order of nanoseconds. This stage

would be redundant if the material was primed for use in an

appropriate medium prior to implantation. The extent and

specific pattern of interaction of the water molecules with

the surface is dependent on the surface properties of the

material. This property also determines which proteins and

other molecules will adhere following the formation of the

hydration shell. In the second stage, from seconds to hours

after implantation, the material becomes covered in an

adsorbed layer of proteins initially present in the extra-

cellular matrix. In the third stage, cells eventually reach the

‘surface’ interacting through the protein covering, thus

cell–surface interactions can be described as the interaction

between cells and surface-bound proteins. This stage oc-

curs from as early as minutes after and up to days after

implantation. As the time of material implantation in-

creases from a few hours to several days, adhesion,

migration and differentiation of cells occurs. This third

stage is influenced by biological molecules (extracellular

matrix proteins, cell membrane proteins and cytoskeleton

proteins), the biophysical environment and the evolving

materials physicochemical characteristics at the surface

(chemistry, nano and micro-topographies), the released

soluble products from the material and its micro-structure

(porosity) [4, 5]. The final stage in the useful life of the

implant, which can last from a few days (biodegradable

suture) or up to several decades (total hip replacement) is

the continuing development of the early implant stages.

Adverse responses (clots, fibrous capsule formation, etc.)

and device failure can occur—processes that can be pro-

moted by material degradation or mineralisation. The fu-

ture development of improved and new biomaterials looks

towards minimising such effects, promoting rapid and

controlled healing and implant integration. The long-term

success of a material in the body depends on the controlled

macro-functional properties (mechanical as well as a match

of tissues at the site of implantation) and the physico-

chemical properties of the material on the micron and

nano-scale.

The time and size scales of interactions between mate-

rials and a mineralised tissue are shown schematically in

Fig. 1. A biomaterials’ influence on living tissues and its

interactions with cell functions is often studied using

in vitro experiments designed to mimic in vivo experi-

ments but in a simplified and more readily controllable

manner [6]. Biocompatibility is thereby assessed in vitro

by the observation of viability and bio-functionality of cells

on a materials surface. Bioactivity or osseoconduction

experiments are usually performed in vitro by determining

the apatite forming ability of a material soaked in simu-

lated body fluid [7–9], which allows the rapid screening of

materials for further development and optimisation for use

in biomedical devices.

The focus of this review is on recent in vitro studies;

bioactivity, cell and protein interactions with an emphasis

on recent experiments performed on silica sol-gel and bio-

inspired biodegradable poly(a-hydroxyacids)-silica com-

posites designed for biomedical applications in contact

with bone. Future studies and methodology are also con-

sidered.

Materials for medical applications

The improvements of biomaterials for use as hip replace-

ments and scaffolds for tissue engineering have been made

through the development and association of new alloys,

ceramics and polymers, which can mimic the physical

properties of tissues surrounding the implanted site [10,

11]. Now-a-days, a hip joint implant is always a carefully

designed composite material comprising for example a

femoral titanium core with high tensile strength and mod-

ulus, a femoral head made of a high strength and wear
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resistant ceramic such as zirconia, an inorganic coating on

the stem and a polyethylene acetabular cup with high

strength and stiffness. All these attributes provide enhanced

interface cohesion between the implant and the surround-

ing living tissue and decrease the risk of failure due to

osteopenia via the stress shielding effect [12].

The latest generation of biomaterials are being devel-

oped to elicit specific biological responses from the host [4,

13]. Such materials are so-called bioactive materials [14].

Examples are the bioactive ceramics made by the sol-gel

process that can trigger osseointegration and bone pro-

duction due to their surface properties and the release of

soluble degradation product (i.e., silica) thereby stimulat-

ing osteogenesis [15, 16]. Cell–material interactions are

also controlled by the pore size and interconnections in the

ceramic phase and by optimisation of the surface micro-

roughness in terms of amplitude and organisation for the

guidance and growth of cells and the circulation of nutri-

ents [17–19]. As examples, porous bioactive sol-gel glass

foams and poly-D,L-lactic acid filled with bioglass� have

been prepared with macro pores of 100 lm diameter and

above, that is considered the minimum spatial requirement

for cell migration and transport [20–23]. In the latest ad-

vances, a favourable biological response can also be

achieved with the delivery of bioactive (osteogenic) com-

pounds such as bone morphogenic protein (BMP) growth

factors entrapped in a porous ceramic scaffold or coated on

a materials surface [24, 25].

Bio-inspired composites and the bone analogy

Bio-inspired materials combining the properties of a

polymer and an inorganic phase are of great interest to

scientists working in biomedical science [26]. In vertebrate

compact bone, the association of collagen fibres and cal-

cium phosphate in a continuously renewing biological

environment offers a multi-scale structured scaffold that

can withstand acute mechanical forces and yet is flexible,

Table 1 [27, 32–34]. The material also acts as an ion res-

ervoir and has the ability to regenerate and heal itself if

damaged during the individuals’ life time [32]. Ultimately,

all these properties should be found in biomaterials in-

tended for hard tissue implantation.

Bio-mimetic materials made of collagen and calcium

phosphate have been extensively studied [29, 35] as col-

lagen is an ideal support for the regeneration of living

tissue [36]. Addition of calcium phosphate based ceramics

or glasses improves the mechanical properties of the col-

lagen scaffold alone and increases the bioactivity of the

material by forming a strongly bonded interface [37, 38].

However, the reproduction of the mechanical properties

and the intricate structured organisation of bone have not

yet been attained. Moreover, the high cost of pure type I

collagen and the risk associated with the major source of

extracted collagen (bovine spongiform encephalopathy)

restrict its applications [36].

An approach to generating an analogue of collagen-

calcium phosphate materials involves the use of synthetic

biodegradable polymers such as poly(a-hydroxyacids) and

bioactive inorganic fillers to produce materials that may be

useful for hard tissue replacement devices and as scaffolds

for tissue engineering [39]. Extensive knowledge has been

gained in the last decade on the behaviour of these com-

posites, however improvements are still required in

understanding the physicochemical properties of the

material as shown by the following example [40–43].

Fig. 1 An example of

biomaterial-tissue interactions,

e.g., Implant–Bone interactions
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Poly(a-hydroxyacid)-silica sol-gel composites. A useful

model for understanding physicochemical-in vitro

bioactivity relations

Material preparations and physico-chemical properties

Of particular interest as a model study of biodegradable

and osteoproductive/conductive biomaterial-living tissue

interactions are poly(a-hydroxyacids)-silica sol-gel hy-

brids. Poly(a-hydroxyacids) polymers such as poly(e-cap-

rolactone) and poly(L-lactic acid), poly(glycolic acid) and

co-polymers are well known biodegradable polymers that

can be tailored and processed to control their degradation

behaviour and physical properties, Table 1 [44–46].

However, they lack the bioactivity (osteoconduction)

properties that would make them outstanding materials

when implanted in a hard tissue. This can be achieved by

the incorporation of a bioactive inorganic phase by

blending, infiltration and more advantageously by using the

sol-gel method whereby polymerisation of an inorganic

precursor in the presence of the polymer is used to generate

a composite material [47–49]. An interpenetrated hybrid

network stabilised by hydrogen bonding interactions be-

tween the phases can be obtained by use of hydroxyl ter-

minated poly(a-hydroxyacids) [49]. Triethoxysilane end

capped poly(a-hydroxyacids) or coupling agents (e.g.,

hexamethyldiisocyanate) can be used to form covalent

bonds between silica and the organic phases [31, 49].

These different types of hybrid sol-gel materials have been

prepared to investigate the relationship (if any) between

physico-chemical properties of the materials themselves

and in vitro bioactivity.

Physico-chemical properties

The physico-chemical properties of poly(a-hydroxyacid)-

silica sol-gels such as mechanical and degradation prop-

erties are strongly affected by modifying the poly(a-hy-

droxyacid) to silica weight ratio, the polymer molecular

weight and the materials processing parameters. Thermal

analysis, transmission electron microscopy and X-ray

analysis (SAXS, XRD) have been used in conjunction with

experimental design approaches to describe the effect of

these parameters on composite structure and consequently

on the properties of the biomaterials formed, i.e.,

mechanical properties, porosity, degradation rate and sur-

face chemistry. The effect of varying the level of silica,

water, catalyst, solvent and polymer molecular weight on

the co-continuous organic and inorganic phase domains

and polymer crystallinity have been reported [49–51]. For

example, increasing the silica to polymer ratio in poly(e-
caprolactone)/silica hybrid sol-gel composites decreases

the size of the organic domain and the crystallinity of the

polymer [49]. The materials mechanical properties are

consequently modified, and for another example, in layered

poly(e-caprolactone)/silica hybrids, stiffness is improved at

low (5%) silica concentration, but further loading leads to a

levelling off and then decrease in the desired mechanical

properties [52]. The mechanical performance of polymer

composites is generally related to the mechanical proper-

ties of its counterparts and also the interfacial strength

between the phases. Mechanical properties measured using

classical and dynamic methods, typical of poly(e-capro-

lactone)-silica sol-gel materials are reported in Table 1.

They compare well with those of natural cancellous bone

and can be modified by varying the molecular weight of the

poly(a-hydroxyacid) and the silica level [53]. In most

conventionally filled polymer systems, the modulus in-

creases linearly with the filler volume fraction, and if the

interface between the two components is good, the external

load will be transferred from the polymer matrix to the

mineral phase through the interface and the mechanical

performance of the composite increase. In the case of a co-

continuous poly(e-caprolactone)-silica hybrid sol-gel the

mechanical behaviour is complex owing to the ‘‘poor’’

organic and inorganic interface caused in part by the

presence of Si–OH groups [54]. Highly cross-linked

poly(e-caprolactone)-silica hybrids with few unreacted Si-

OH should show improved mechanical properties [55]. An

important point which has not yet been addressed is the

retention of the mechanical properties of such biodegrad-

able composites upon ageing and degradation. A report has

Table 1 Mechanical properties of natural and synthetic single phase and composite materials

Hard tissue Young’s Modulus, GPa Tensile strength (at max. load), MPa Ref.

Cortical bone 3–30 80–150 [27]

Cancellous bone 0.1–0.4 5–10 [27]

Collagen/CaP 2.82 50 [28]

PLLA 3.5–10 40–150 [29]

PCL Mw 10,000 g mol–1 0.11 10 [30]

PCL/SiO2 sol-gel Mw ~10,000 g mol–1 0.48 8.1 [31]

PCL/SiO2 sol-gel 0.1–0.51 20.8 [30]
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shown limited in vitro degradation with a faster weight loss

for a poly(e-caprolactone)-silica composite compared to

pure poly(e-caprolactone) [54]. Although the nature of the

products released into the medium is not stated, it is

thought that the poly(e-caprolactone) degrades first [54].

The fast degradation of the composites compared to the

pure polyester is most probably due to the decrease in

crystallinity of the poly(e-caprolactone) from its interaction

with the silica phase, therefore allowing for a faster dif-

fusion of water and acid degradation products away from

the material thus leading to chemical degradation of the

polymer [56]. Release of soluble silica from poly(a-hy-

droxyacids)-silica has been studied as it is important for the

osseoproductive property of composites in a similar man-

ner to the silica containing bioactive ceramics and glasses

[57–59]. Again, it has been shown that processing param-

eters including those that affect the condensation of the

silica network and the amount of cross-linking influence

the rate of soluble silica release into solution [49, 55].

It must be noted that nitrogen adsorption measurements

on poly(e-caprolactone)-silica sol-gels indicate that the

composites have no meso- or micro-porosity (value of N2

adsorbed at 0.9 relative pressure between 2.0 and 4.5 · 10–

4 cm–3 g–1), and therefore porosity effects on mechanical

and degradative properties of the composite are not known

[60, 61]. Porosity could be obtained using a highly cross-

linked composite that shows elastomeric-like behaviour

when swollen [55, 62]. Finally, the surface chemistry of

poly(e-caprolactone)-silica sol-gel composites has not yet

been fully characterised. Wettability studies have shown

that increasing silica content increases the hydrophilicity of

the surface [54]. Increasing the bonds between the organic

and inorganic phases has an opposite effect and decreases

the hydrophilicity of the material with the consequence

that the in vitro bioactivity of the composite is strongly

diminished [51, 55].

In vitro bioactivity

Formation of an apatite-like layer, indicating the osteo-

conductivity of a material occurs not only inside the body

but also in vitro, when the materials are soaked in solutions

emulating human plasma [8, 63]. In vitro apatite forming

ability methods are far from reproducing the phenomena

involved in bone formation. However, they can be used as

a rapid screening of a materials in vitro bioactivity to

determine if a material is worth testing further [7]. In vitro

osseoconduction or the apatite forming ability of silica gel

and poly(a-hydroxyacid)-silica sol-gel composites on their

surfaces in simulated body fluid have been assessed [7, 54,

55, 64]. What has been found is that an increase of the

sintering temperature delayed the formation of apatite

layers on gel surfaces [65]. This was proposed to be due

to the surface chemistry of the sol-gel; with a decrease of

Si–OH chemical groups leading to a consequent decrease

of nucleation sites for calcium phosphate precipitation. A

recent study suggests that the silicate trimer (Si3O9) on

silica sol-gel surfaces is the active site for the earliest

heterogeneous nucleation of calcium phosphate [66]. In the

case of the poly(a-hydroxyacid)-silica sol-gel composites,

increasing the amount of silica in the composite speeded up

the observation of the first Ca and P containing precipitates

on a materials surface [64]. Also, Si–OH groups on a

materials surface are dependent on the release of soluble

silica species from the bulk of the material and the for-

mation of a silica sol-gel like layer on the materials surface.

This requirement is supported by the lower bioactivity of

composites with a high amount of bonding between the

organic and inorganic phases and associated lower soluble

silica release [55].

The development of new degradable and bioactive

materials such as poly(a-hydroxyacid)-silica sol-gel com-

posites is very complex. Their structure and physico-

chemical properties must be well understood as in the

biological medium, they will succumb to mechanical

constraints and degradation with associated changes in

mechanical strength, porosity, topography and surface

chemistry that occur on precipitation of an apatite layer.

Moreover, in a living tissue cells interact with the material

and the best physicochemical properties are of little use if

the material is not biocompatible. In vivo, the biocompat-

ibility of a material is determined by the host reaction; a

sequence of inflammatory and healing reactions to the

implantable materials [5]. In vitro, the sequence of events

in vivo can be approximated by seeding cells on a mate-

rials surface and studying their interactions.

Cell–surface interactions

Any attempt to engineer biomaterials having functional

surfaces must make allowance for the highly precocious

ability of biological systems to recognise specific fea-

tures. Surfaces of medical devices are rarely flat at the

molecular level, having an imposed topography from the

processes followed in the fabrication of the biomaterials

used. These topographical features, such as roughness,

may or may not be formed intentionally. Micron sized

topography has been shown to play an essential role in

determining cell adhesion and surface-bound characteris-

tics. Biocompatibility of surfaces is closely related to

the response of cells in contact with the surface and in

particular their adhesion [67]. Implant coatings or mod-

ifications are currently of particular interest, with the aim

being to control cell attachment and spreading by means of

tailored topography and chemistry.
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Cells are complex, self-sustaining units that interact and

communicate intracellularly via receptors located on their

outer walls. Specific binding of antibodies or antigens to

these receptors creates a receptor response, which starts a

chain reaction of events within the cell leading to an

appropriate trigger response. One such class of cell

receptors called ‘integrins’ bind specifically to an arginine-

glycine–aspartic acid (RGD) tripeptide found in cell

adhesive proteins such as fibronectin, vitronectin and

laminin, which in turn can attach to solid surfaces [68, 69].

Integrins are a superfamily of more than 20 transmembrane

heterodimers [70] formed by non-covalent association of a
and b subunits, where the diameter of the receptor on the

cell membrane is between 8 and 12 nm [71].

Cells sense their surroundings using protrusions termed

‘lamellipodia’ in epithial cells and fibroblasts, or

‘pseudopodia’ in amoebae and neutrophils. These are

micron sized sheet-like structures composed of an actin

filament mesh which lies parallel to the surface [3] but

which can be pushed back across the cell if attachment to

the surface is not possible. On the ends of these, smaller

hair-like protrusions termed ‘filopodia’, composed of

long, thin actin filament bundles [72] act as feelers that

‘sense’ the extracellular matrix and substrate surface.

When the filopodia find a suitable binding site, such as

the lock and key integrin binding sites discussed earlier, a

feedback signalling pathway within the cell allows more

integrin receptors to be localised in that region of the cell.

By progressively sending out lamellipodia along the

leading cell edge focal contacts are made which transmit

strong propulsive traction stress allowing the cell to move

across a surface [73, 74]. The attachment and separation

of the cell from the surface is controlled by an integrin

feedback loop, mediating the leading and trailing cell

boundary [75].

Cells crawl across a surface allowing them to spread and

proliferate. Non-adhesion of cells is fatal; likewise, if cells

adhere too tightly to a surface they cannot proliferate and

also die. A situation between these extremes is therefore

the most desirable situation for healthy, confluent cell

cultures.

Surface chemistry

The surface chemistry of an implanted material is impor-

tant and can be altered to induce cell adhesion and

spreading, Table 2. Control of cell signalling by surface

chemistry has been directly demonstrated—an extremely

important break-through highlighting the importance of

protein adhesion control for cell binding [94]. There is

great interest in this field with a number of review articles

published in recent years [3, 95–98].

Material surfaces can be modified by a variety of dif-

ferent methods, such as the application of a surface

chemical gradient, self-assembled films, surface-active

bulk additive and surface chemical reaction [99]. Chemical

surface modifications can be achieved fairly easily at a

number of different levels, where the most common is to

make use of chemical self-assembled monolayers (SAMs)

which are surface coatings that form highly ordered

structures on specific substrates [100, 101]. SAMs utilise

thiols that are arranged in a close packed array on a gold

surface [83, 102, 103], similarly behaviour is observed with

silanes on a silica substrate [99]. By changing the terminal

group on the SAM layer any functional group can be

investigated [104].

Self-assembled monolayers with different functional

end groups have been used to study how different cell lines

interact with a range of chemically functionalised surfaces.

The surface chemistry of these materials modulate focal

adhesion composition and signalling of cells [105] and

hence can control the phenotype and function of a cell [79]

whereby the level of adhesion influences cell proliferation

and differentiation [80] and modulates other cell signalling

pathways, Table 2 [106–108]. The substrate can also

influence fibrillar adhesions from the cell due to its surface

properties and composition [109]. Surfaces have been

modified with various functional groups such as methyl-,

hydroxyl, amino- and carboxyl-, all of which can be found

on natural biological surfaces. The methyl- and hydroxyl-

surfaces represent neutral hydrophobic and hydrophilic

functionalities, respectively, whilst amino- and carboxyl-

surfaces exhibit negatively and positively charged charac-

teristics, respectively. The differing responses of cell lines

to differing surface chemistry is thought to be due to the

changes induced on the pre-adsorbed protein layer which

mediates cell attachment and will be discussed below.

Different cell types as well as the same cells of different

phenotypes bind to different domains of the integrin pre-

sented by the surface-bound ECM proteins [110].

An extension of such chemical modification allows part

of the SAM to be selectively replaced by a second mole-

cule having a different functionality, permitting the surface

to be chemically patterned, Fig. 2 [93]. The chemical

patterning of surfaces allows cell movement and growth to

be controlled. Hydrophobic regions hinder cell attachment

and spreading but neighbouring hydrophilic regions allow

cells to attach and spread [83, 111–115].

Progressively, more complex surfaces are being ex-

plored with amino acids being bound to surfaces. By using

a range of amino acids the effects of surface charge and

wettability have been examined with respect to the motility

of osteoblasts. A correlation between increased cell

spreading and an increase in surface wettability have been

observed [89].
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Table 2 Surface chemistry: functional groups giving varied cell responses

Functional group Cells studied Type of study

CH3
a,b Endothelial cells Adhesion [76]

Human fibroblast cells Adhesion [77, 78]

Mesenchymal stem cells Adhesion, proliferation, mRNA expression [79]

Erythroleukemia cells Attachment [80]

CH3
a,c Myoblast cells Proliferation and differentiation [80]

Neutrophile cells Adhesion [81]

Mammalian endothelial cells Adhesion [82]

Osteoblasts Adhesion, mineralisation [83–85]

OHa,d Endothelial cells: Adhesion [76]

Human fibroblast cells Adhesion [77]

Mesenchymal stem cells Adhesion, proliferation, mRNA expression [79]

Erythroleukemia cells Attachment [86]

OHa,e Myoblast cells Proliferation and differentiation [80]

Mammalian endothelial cells Adhesion [82]

Osteoblasts Adhesion, mineralisation [84, 85]

CH2=CH(CH2)9OH Neutrophiles Adhesion [81]

NH2
a,f Endothelial cells Adhesion [87]

Human fibroblast cells Adhesion [77]

Erythroleukemia cells Attachment [86]

Mesenchymal stem cells Adhesion, proliferation, mRNA expression [79]

Myoblasts Proliferation and differentiation [80]

Osteoblasts Adhesion, mineralisation [84, 85]

NH2
a,g Myoblasts Proliferation and differentiation [80]

Osteoblasts Adhesion, mineralisation [84, 85]

COOHa,h Human fibroblasts Adhesion [77, 78]

Mesenchymal stem cells Adhesion, proliferation, mRNA expression [79]

Erythroleukemia cells Attachment [86]

COOHa,i Myoblasts Proliferation and differentiation [80]

Mammalian endothelial cells Adhesion [82]

Osteoblasts Adhesion, mineralisation [83–85]

COOHa,j Fibroblasts Adhesion [88]

[COCH3, CO2CH3, CONH2,

CO2NH2,CN, PEGk, CF3,

F, Br, Cl, SH, CH=CH2] a

Endothelial cells Adhesion [76,87]

Human fibroblasts Adhesion [77]

Mesenchymal stem cells Adhesion, proliferation, mRNA expression [79]

Mammalian endothelial cells Adhesion [82]

Phosphorylcholine Neutrophiles Adhesion [81]

Amino acids Osteoblasts Spreading [89]

Polypeptide

RADS Human epidermoid carcinoma cells Adhesion and spreading [90]

RGDS, RDGS Rat calvarial osteoblasts Calcification and mRNA expression of ECM proteins [91]

RGD Osteoblasts and melanocytes,l Fibroblastm Spreading and morphology and cytoskeletal organisation [92]

Spreading and morphology and cytoskeletal organisation [80]

RGDG13PHSRN Rat calviara osteoblast Adhesion, spreading [93]

a SAM (Self-Assembled Monolayers), bOctadecyldimethylchlorosilane, cHS(CH2)11–CH3, d10-undecenyldimethylchlorosilane and hydrobora-

tion, eHS(CH2)12–OH, f3-aminopropyldimethyl ethoxysilane and 11-bromoundecyldimethylchlorosilane, azidation and reduction, gHS(CH2)12–

NH2, h10-undecenyldimethylchlorosilane and oxidation, iHS(CH2)10–COOH, jPEO and polyacrylic acid films, kpolyethylene glycol oligomers,
lpolystyrene-blockpoly[2-vinylpyridine (HAuCl4)0.5] and RGDfk peptide grafting, mpolyacrylic & polyacrylamide with grafting of RGD on NH2

groups
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A more direct method to influence cell attachment has

been to functionalise surfaces directly with the RGD trip-

eptide, which binds specifically to integrin receptors [116].

This approach has shown that simply the presence of such

surface groups affects cell adhesion and also that the

spacing between the groups (packing density) is important.

As polyethylene glycol (PEG) based materials are well

known to be biologically inert and resistant to cell

attachment [117], these have been used as base materials to

investigate the effect of the spacing of surface-bound

peptides in relation to cell adhesion and metabolic activity.

Spacings of 58–73 nm have been found to give effective

responses for focal adhesion whilst larger spacings restrict

cell attachment [118], possibly due to insufficient cluster-

ing of integrin binding sites [119]. An array with 4 nm

spacings between an RGD sequence and its synergistic li-

gand [PHSRN (Pro-His-Ser-Arg-Asn)] has also been

shown to induce cell adhesion [93].

Topography

For many years, it has been recognised that cell attachment

and growth on a surface can be guided by micron sized

features. However, it is unknown at present if cells actually

perceive nano-sized topographical effects directly or only

act on them as a consequence of changes imparted onto the

pre-adsorbed protein layer. Many studies have been con-

ducted to determine the effect of topography on cell

behaviour, by investigating how different cell types react to

varying substrates [120, 121]. Topography can influence

behaviour [122] such as adhesion [123–125], cell mor-

phology [126], migration [127–129], orientation [130],

focal adhesion [131] and differentiation [128, 132, 133].

Different types of substratum topography have been shown

to influence cell behaviour depending on both scale and

feature type, for example micro- and nanometre scale rid-

ges and grooves [134–137] and if there are randomly or

evenly distributed features or artefacts such as pits or

spikes [138–141]. Fibres present in the ECM have sub-

micron dimensions and mineral structures found in vivo

have nanometre topographical features, both of which

impact on cell behaviour. The actual means by which small

features affect cells are largely unknown but it is thought

that the proteins mediating cell attachment are altered by

such surface parameters.

The question of whether cells perceive nano-scale

topography has been probed by using an array of chemical

and nanometre sized topographical surface modifications,

the height of which have been systematically varied [142].

Chemical patterning gives rise to a small topographical

alteration due to the differing height not only of the ad-

sorbed chemical layer but also due to the adhering protein

layer (discussed in more detail below). Cells have been

found to align with a chemical ‘cue’ over topographical

grooves less than 500 nm deep, but for deeper grooves

(e.g., 5 lm) the vast majority of cells (80%) were found to

orient themselves irrespective of the surface chemistry. It is

relatively well established that features of diameter 10–

100 lm typically get a positive response from cells [100].

However, not all cell types respond to surface topography

in the same fashion. For example, PLGA surfaces with

modified micro and nano topographies can inhibit the

proliferation and migration of epithelial cells, and yet are

found to promote proliferation and the directional migra-

tion of osteoblasts [143].

Tissue engineering has developed an understanding of

how cells react differently when surrounded by a matrix

rather than observing only a pseudo 2-dimensional sub-

stratum as under typical culture conditions [144]. In vitro

Fig. 2 Surface chemical and

topographic patterning

examples (a) isolated single

molecule grafted pattern (i.e.,

RGD), (b) Isolated molecules

grafted pattern (i.e., RGD-

PHRSN), (c) island molecules

pattern, (d) line molecules

pattern, (e) pillar topogaphic

pattern, (f) grooves topographic

pattern, (g) and (h) mixed

chemical and topographic

patterns
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and in vivo, cells interact differently within a 2D and a 3D

scaffold due to the possibility in the latter for circulation of

ECM proteins. Also cell–cell interactions and vasculari-

sation are strongly dependent on porosity. Consequently

the determination of optimum implant porosity is not

straightforward, especially since it has been demonstrated

that depending on the materials used and the interconnec-

tivity of pores present, a range of behaviours can be ob-

served for different cell types. This effect has been

connected with changes of porosity, which affect the

internal curvature of the pores, i.e., the topography [17].

Comparison of porous materials (hydroxyapatite ceramic

rods) with identical macropore size but different surface

micro-roughness has shown that micro-topography en-

hances cell adhesion [145].

Cell adhesion relating to protein adsorption

In a physiological environment cell adhesion always fol-

lows protein adsorption. Although cell–surface interactions

are understood to be affected by underlying surface

chemistry, structural information on surface-bound protein

conformations and geometries and their effect on cell

adhesion are yet to be elucidated. There are several pro-

posed mechanisms by which cells are thought to ‘observe’

surface characteristics; cells may reach the surface by

protrusions though the protein layer or by consuming pre-

adsorbed proteins [99]. This may be possible in the later

stages of cell adhesion, although it is more likely that ad-

sorbed proteins themselves convey the underlying chem-

istry through their specific geometry and conformation

[84].

Proteins adsorb in differing quantities, densities, con-

formations, and orientations depending on the chemical

and physical characteristics of the surface [146–150]. Al-

though surface–protein interactions are not well under-

stood, surface chemistry has been shown to play a

fundamental role in protein adsorption [147–149]. More-

over, the properties of protein over-layers can be altered by

the underlying surface chemistry of a material and this

behaviour has exciting implications for controlled bio-

compatibility.

Protein adsorption

On implantation a material is conditioned in several stages

by biological fluids and components therein [96]. Shortly

after the initial hydration layer surrounds the material,

blood proteins and other macromolecules (e.g., lipids and

sugars) arrive at the surface. Since blood contains many

hundreds of different proteins competition for the surface

ensues. After a complex process of adsorption, desorption

and surface rearrangement, wherein the protein layer

composition changes dramatically over time, equilibrium is

reached at the interface. It is generally accepted that the

more abundant small proteins will adsorb first due to their

rapid transport to the surface. Over time these are then

replaced by larger proteins with a greater affinity towards

the surface. The ‘surface enrichment’ of a protein from the

ECM such as fibrinogen was first observed by Vroman and

Adams and is generally termed the ‘Vroman effect’ [151].

The protein layer may then subsequently mediate cell

attachment and progressively the material is integrated into

the biological system [5].

Fundamentally, biomaterial responses are governed by

the interaction of protein molecules on surfaces, involving

both binding in the initial stage and subsequent unfolding.

Residues pointing outwards into solution are available for

surface interaction whereas those in the core of the protein

are not. Unfolding, or denaturing of the protein would al-

low the internal amino acid residues to become accessible

to the external environment thereby making them available

to take part in external interactions. Protein deformation

may be induced by interaction with a surface and is af-

fected by several factors including electrostatic forces and

entropic effects, hydrophobic interactions and conforma-

tional changes [152]. Dehydration of hydrophobic regions

both on the substratum and on the external protein surface

is favourable, which may cause the protein to deform to

move its hydrophobic sections away from the aqueous

environment. Bonding between adsorbed neighbouring

protein molecules can allow hydrophobic regions to remain

shielded from the aqueous phase, due to the increase in

flexibility of the polypeptide backbone brought about by

loss of secondary structure. Van der Waals interactions,

electrostatic interactions and hydrogen bonds can also form

between proteins, provided they are enthalpically favour-

able.

Model surfaces with varying functionalities have been

used to assess protein adsorption rates and conformational

stability upon adsorption. Proteins adsorb rapidly and be-

come deformed to a greater extent on surfaces with

decreasing wettability, minimising hydrophobic contact

with the aqueous phase as described above [149]. Likewise

charged protein regions can interact with oppositely

charged surfaces [153], although electrostatic effects are

much weaker than hydrophobic effects when dealing with

proteins adsorbing from an aqueous phase, due to com-

plications arising from the charges being shielded by water

molecules [154] and small ions [155, 156].

Protein–surface interactions are very important factors

when considering the adsorbed protein state. Initially pro-

tein molecules will adsorb giving the kinetic adsorption

product, however, if the interaction is very high a
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deformation of the protein to afford an energetically more

favourable thermodynamic adsorption product occurs. This

process, sometimes termed ‘relaxation’ occurs either

directly on adsorption or some time thereafter, probably

involving the protein spreading to increase its interaction

with the surface and/or to decrease its interaction with the

aqueous phase. Similarly, differing protein–surface inter-

actions could force protein molecules to adopt specific

orientations. As a result the protein may lose the specific

structure required for activity, or functional sites may be-

come obscured due to conformational/orientational rear-

rangements that hinder protein function.

A large number of investigations examining bound

proteins have used techniques that give limited informa-

tion: fluorescence [157, 158], atomic force microscopy

[159–161], mass spectrometry [162], zeta potential [163],

nuclear magnetic resonance (NMR) [164], ellipsometry

[165, 166], circular dichroism [167] and antibody or

platelet binding [168, 169]. Most of the analytical tools

used give results where generalised information on the

adsorbed protein is obtained or conformational changes are

implied but have not been measured or quantified. Exam-

ination of the ease of protein removal from surfaces has

been suggested by authors to provide evidence of protein

structural change, although such studies only show that

conformational and/or orientation change could be occur-

ring [170].

Surface chemistry

It has been shown than protein adsorption characteristics

can be controlled by changing substrate surface parame-

ters [150, 171–173]. Surface chemistry plays an important

role in determining adsorbed protein conformation as

well as the rates of adsorption and the amount of protein

adsorbed through interaction between the functional

groups on the substratum and those of the protein itself.

The chemical nature of the surface can be modified to

induce greater protein–surface affinity by either electro-

static or hydrophobic interactions. The outer shell of

adsorbing proteins is therefore an important factor in

determining how proteins bind, but generally hydrophobic

bonding is a major contributor and induces rapid

adsorption compared to that observed on hydrophilic

surfaces [174, 175].

Although it is well known that the extent of protein

adhesion can be directed by surface chemical patterning,

Fig. 3, the degree of control over the conformation and

orientation of adsorbed proteins is not well detailed. It has

been suggested that protein–surface interactions induce

deformation of an adsorbing protein molecule but many of

the techniques used to examine such ultrathin layers of

adsorbed proteins only imply conformational/orientational

change rather than providing an absolute measure of pro-

tein structure.

One of the main concerns of using such chemically

patterned surfaces (as described earlier) is that the bound-

aries of each chemical area may in fact impose an addi-

tional topographical effect. Since protein molecules are

likely to adsorb preferentially onto only one of the chem-

ical areas the height of the protein layer will consequently

confer a defined topographical edge. These layers may only

be on the order of nanometres but at present it is unknown

whether adhering cells respond to the defined chemical

edge (possibly inferred from the conformation/orientation

of the protein molecules) or to this topographical edge

[175].

Topography

Micron-sized features are far too large for individual pro-

tein molecules to observe, however, if surface features are

produced on the same length scale as the protein molecules

themselves then the architecture of the surface may be used

to manipulate protein shape and form upon adsorption. Can

protein molecules mould around surface curvature? Can

packing density and/or arrangement be controlled by sur-

face features? These questions are a topic of much interest

at present as the answers may allow one to predict or even

control the structure and therefore the activity of surface-

bound proteins.

Topography on the order of nanometres (up to a few

hundred) has been shown, to some extent, to impact on the

conformation of bound proteins as experiments using the

surface curvature of varying sized colloidal substrates has

shown [175–177]. These topographical changes have been

found to alter the activity of adsorbed protein molecules

[177, 178], a finding which supports a change in protein

conformation having occurred. The investigation of topo-

graphical effects is somewhat sparse at present, with only a

small number of reports covering a narrow size range of

surface features.

Conformational assessment of surface-bound proteins

has shown that lysozyme and human carbonic anhydrase,

two small globular proteins, display native-like secondary

structures when bound to spherical substrates with radii

<15–20 nm but exhibit a loss of ordered structure upon

binding to larger substrates [176–178]. A detailed struc-

tural investigation has shown that the globular protein

albumin retains native-like conformation upon binding to

<15 nm particles although is denatured to a larger extent

when adsorbed onto larger particles [177]. In contrast

adsorption of fibrinogen onto particles of different radius

followed an opposite trend indicating that protein shape

influences its interaction and therefore the proteins ad-

sorbed conformation and orientation [146, 177].
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The extent to which surface chemistry and topography

contributes to the control of conformation and, by infer-

ence, the activity of surface-bound proteins is not fully

understood. Detailed investigations must be conducted

examining a series of proteins interacting with a range of

surfaces having defined chemistry and nano-topograhy.

Adsorption characteristics and surface-bound conforma-

tions can then be assessed eventually leading to predictive

modelling of protein–surface interactions enabling the de-

sign of advanced functional materials.

Conclusion: evolving material surfaces

The field of biomaterials is becoming increasingly complex

from both materials science and surface science directions.

One must have an appreciation for the intricacy of the

interface between the living tissue and a biomaterial, with

interactions occurring on the nano, micro and macro length

scales. Medical implant design is now involved with not

only the bulk physicochemical properties of the material

used that dictate its mechanical and physical properties, but

also with surface coatings having defined chemistry and

topography in order to direct a desired cellular response,

Fig. 4. The site of implantation and the application of the

biomaterial dictate the appropriate response which can

include rapid healing, hard tissue replacement, or con-

versely be biologically inert. New biomaterials are also

under investigation for in vitro applications such as tissue

engineering or controlled growth of cells that are particu-

larly resistant to cell culture [179, 180].

From the very first contact with the extra cellular matrix

upon implantation and throughout the entire lifespan of a

biomedical device, the material and the surrounding bio-

logical host evolve together according to their interactions

and therefore, materials should be developed for use in

specific applications. However, in all living tissues the

primary interactions between the extra cellular matrix and a

biomaterials surface condition the future stages; hydration,

protein adsorption, cell attachment, spreading, prolifera-

tion, etc. Consequently the effect of surface chemistry and

nano-topography on the adsorption of extra cellular matrix

proteins is of paramount importance to the development of

the next generation of bioactive biomaterials [181]. By first

understanding these fundamental factors we may then be

able to control the implant interface and design materials to

a predetermined specification.

Figure 4 presents a general approach for the understanding

and optimisation of materials–biological tissue interactions.

Understanding and correlating the effect of materials

processing with the physicochemical and in vitro properties

of the materials so formed should permit the development

of more efficient biomedical devices, fit for purpose.

Host–implant material interactions begin nanoseconds

after first contact and from then on are in a state of flux due

to protein adsorption, cell adhesion, degradation of the

material both physically (stress fractures, etc) and chemi-

cally (decomposition and dissolution). The development of

materials that are compatible with living tissues depends

largely on understanding the different scale of interactions

that are present and the processes occurring at the material–

biological host interface. Even the smallest of length scales

(nanometres) and the shortest of timescales (nanoseconds)

are of great importance to the development of the implant

interface. It is these key factors which must be under-

stood—however, this presents a problem. How can we

accurately measure such small interactions and how do we

interpret the data if we can obtain it? Also, how useful are

in vitro experiments for the development of materials in-

tended for use in vivo?

Fig. 3 Schematic of protein–

surface interactions:

Chemistry—adsorption onto

biotinylated stripes which

appear white, whilst adsorption

is hindered on square oligo-

ethylene-glycol regions, the

white box shows an

intentionally bleached area

[reprinted from 176 with

permission from RSC]

Topography—albumin

adsorption onto hydrophilic

silica spheres of varying

dimensions as a model of

surface curvature
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The future for biomaterials is exciting. The many

questions concerning the conformational form and control

thereof of bound proteins and how this may impact on cell

adhesion in the first instance and later on cell signalling can

be answered by systematic investigations using model

materials. The investigation of useful biomaterials is truly

becoming more diverse, bringing together knowledge from

a variety of disciplines.
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