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Bone plays critical roles in support, protection, movement, and metabolism. Although
bone has an innate capacity for regeneration, this capacity is limited, and many bone
injuries and diseases require intervention. Biomaterials are a critical component of many
treatments to restore bone function and include non-resorbable implants to augment
bone and resorbable materials to guide regeneration. Biomaterials can vary considerably
in their biocompatibility and bioactivity, which are functions of specific material para-
meters. The success of biomaterials in bone augmentation and regeneration is based on
their effects on the function of bone cells. Such functions include adhesion, migration,
inflammation, proliferation, communication, differentiation, resorption, and vascularization.
This review will focus on how different material parameters can enhance bone cell func-
tion both in vitro and in vivo.

Introduction
Bone is a rigid tissue which provides structural support, facilitates locomotion, serves as a reservoir for
mineral storage, and protects internal organs and soft tissue. Bone is also an endocrine organ, which
serves as a niche for bone marrow and a source of stem cells. This complex tissue consists of an
organic component, an inorganic, mineral component and water. The organic component is primarily
type I collagen, but also consists of protein polysaccharides, glycosaminoglycans (GAGs) and other
non collagenous proteins. Together, the organic constituents are responsible for the toughness of bone
[1] which is important to prevent propagation of microfractures. The organic material serves as a tem-
plate for the nucleation and formation of the inorganic material [2] into both needle and platelet
shaped crystals [3] of non-stoichiometric hydroxyapatite (HA), which contains carbonate substitu-
tions. The mineral components give bone its hardness, rigidity and strength [4]. Multiple factors affect
bone strength, including the composition, of both the organic and inorganic phases, their arrangement
and microarchitecture, and cell presence [5]. Bone fulfils its functions by adapting to its environment
across dimensional scale, such as modeling to alter the morphology of thick walled long bones to
support mechanical demands, and chemical components, such as the mineral/collagen ratio, which
affects physical properties.
Many materials have been used either as permanent prosthetic replacements for bone, or as transi-

ent scaffolds to promote bone regeneration. Bone-based biomaterials fall into three broad categories:
metals, ceramics, and polymers. Metals used for bone anchored prostheses such as total hip replace-
ments, are primarily cobalt-chromium, and titanium-based alloys [6]. Titanium is notable for its high
biocompatibility and ability to form close to direct contact with bone (an interfacial zone of
∼100 mm) which is called osseointegration. The ability to achieve osseointegration is commonly
exploited in anchoring dental implants to alveolar bone [7]. While metals have favorable mechanical
properties for prosthetics, such as high strength and fatigue resistance, titanium is subject to high
wear and all metals release metal ions (corrosion), which is more pronounced when concomitant with
wear [6,8]. Bioceramics used in bone reconstruction and regeneration includes non-resorbable,
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‘bioinert’ ceramics that elicit a minimal biological response and are held in bone by mechanical means (press
fit, rough surfaces, grouting agents, or tissue ingrowth), surface active ceramics that form chemical bonds with
bone, and resorbable ceramics that are gradually replaced by host bone [9]. ‘Inert’ ceramics are typically used
in orthopedic prostheses, particularly the acetabular bearing surface of hip prostheses, as well as endosseous
dental implants, and include alumina, zirconia, and silicon nitride [6]. Although ceramics have a low friction
coefficient and wear rate, their brittle nature and low fatigue resistance are potential limitations to use in
load-bearing applications [8]. Resorbable ceramics includes calcium phosphate ceramics, such as apatites. The
solubility and resorbility of apatites vary based on their chemistry and crystallinity. Highly crystalline, stoichio-
metric HA has poor solubility while biomimetic carbonated apatites similar to native bone mineral are more
easily resorbed [10]. Like ceramics, polymers can be divided into resorbable and non-resorbable categories.
Non-resorbable polymers include poly-methyl methacrylate which is used as bone cement and grouting agent
for anchoring prostheses into bone, and ultra high molecular mass polyethylene which is used as a bearing
surface in hip prostheses [6]. Biodegradable polymers such as poly-lactic acid and poly-caprolactone are used
as porous scaffolds for bone tissue engineering. While these polymers’ tunable degradation rates and ease of
functionalization are advantageous for directing cell adhesion and differentiation, their low strength and stiff-
ness limits their use in load-bearing applications [11]. The goal of this paper is to review how material
parameters affect functions of bone cells.
The success of implanted biomaterials is based on their effects on the myriad of different bone cells.

Primarily four cell types reside in bone: osteoblasts, osteocytes, bone lining cells, and osteoclasts, which work
together to grow, remodel and maintain bone volume and function. Osteoblasts are formed from stem cells
recruited by cytokines from the bone marrow to the bone surface at sites of growth and remodeling. They are
tightly connected to neighboring cells, via gap junctions and adherens junctions. Osteoblasts are active bone
cells with a myriad of activities, including secretion and assembly of the organic matrix, and directing mineral-
ization of the matrix by secreting promoters such as alkaline phosphate (ALP). In addition to mineralization,
osteoblasts secrete paracrine factors, such as bone morphogenenetic proteins (BMPs), which regulate osteoblast
and chondrocyte differentiation [12]. Once the organic matrix is mineralized, most osteoblasts undergo apop-
tosis, but some become entrapped within the new bone and become osteocytes. Osteocytes are differentiated
and encased osteoblasts which live in well ordered lacunae, and communicate via dendritic processes which
form complex networks within the canaliculi [13]. Osteocytes are mechanoreceptive cells, can sense mechanical
strain in bone, and respond to the physical stimuli by paracrine [14], gap junction communication and focal
adhesions. Osteocyte death is caused by natural physiological processes, such as aging and menopause, but also
due to microcracks, as they form due to failure of plastic deformation and cause mechanical damage to the osteo-
cytes [15]. Osteoblasts which remain on the bone surface become bone lining cells and become inactive [16].
These cells act as a barrier between bone marrow and bone and digest collagen protruding from Howship’s
lacunae [17].
Mesenchymal stem cells (MSCs) are a heterogenous population of stem/progenitor cells capable of differenti-

ating into bone, cartilage, and adipose. Originally identified in bone marrow as bone marrow stromal cells
(BMSCs), these cells can also be found in periosteum, the perivascular niche, and other tissues; although the
extent to which these populations converge/diverge from each other as well as their classification as MSCs is
still under debate [18–20]. Additionally, Hematopoietic stem cells (HSCs) regulate osteoblast lineage and support
bone marrow vasculature, while circulating cells, which circulate throughout the body and arrive to bone via the
vasculature, can help regulate mesenchymal and osteoblastic cells in coordinating hematopoiesis [21]. The main
function of osteoclasts is bone resorption, which is vital for bone maintenance, the remodeling stage of bone
healing and tooth eruption. These cells are enzymatically active and produce tartrate-resistant acid phosphatase
(TRAP), calcitonin receptor (CTR) and matrix metalloproteinases (MMPs), which degrade the matrix. To resorb
local areas of bone, osteoclasts form a resorption lacuna within which they release protons to acidify and dissolve
mineral in a sealed area and proteases to degrade the bone matrix [22]. Osteoclasts can be activated and recruited
to resorb multiple times, before undergoing apoptosis [23].
Bone marrow is soft tissue within the medullary cavities and is an important tissue not only for the skeletal

system, as it is a source of MSCs [24], but also for the cardiovascular and immune systems. Hematopoietic
stem cells (HSCs), which are located in the bone marrow, are precursors for erythrocytes and immune cells
including lymphocytes, eosinophils, neutrophils, T and B cells, as well as osteoblastic cells [25]. Balance
between the action of all these cell types is necessary to maintain bone volume and structure, endocrine activity
and overall function, and prevent bone diseases such as osteoporosis and osteosclerosis.
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This paper will review how different material parameters such as stiffness, roughness, surface chemistry, top-
ography, porosity, and protein adsorption affect bone cell functions including inflammation, adhesion, migra-
tion, proliferation, communication, differentiation, vascularization, and resorption. The paper will address each
of the cell functions individually and present the material parameters most investigated for its effects on the
cell function. See Figure 1 for a visual depiction of the cell functions discussed.

Inflammation
Inflammation is critical for proper healing of bone injuries and the implantation of foreign materials typically
initiates an inflammatory response. Materials are classified by their biocompatibility into biotolerant, biocom-
patible, and bioactive categories. Biotolerant materials have low toxicity, but often initiate formation of a
fibrous capsule or foreign body giant cell reaction [26]. While biocompatible materials were initially believed to
trigger minimal or no inflammatory response, inflammation is critical for proper integration of implants.
Upon exposure to blood in vivo, plasma proteins and platelets are quickly absorbed onto the biomaterial

surface and activated. Activated platelets initiate the clotting cascade, fibrin forms a provisional matrix, and
thrombosis is achieved. Chemokines such as PDGF recruit leukocytes such as neutrophils (initially) and mono-
cytes/macrophages (later). Mast cells also release histamine to mediate the immune response. After the acute
inflammation phase, the chronic inflammation phase is characterized by the presence of lymphocytes and
plasma cells, but this typically resolves quickly for biocompatible materials. Macrophages remodel the provi-
sional matrix and fibroblasts and endothelial cells are also recruited to form granulation tissue around the
implant [26].
In osseointegration, both M1 (pro-inflammatory) and M2 (anti-inflammatory) macrophages are recruited to

the peri-implant tissue [27]. Polarization of macrophages towards the M2 phenotype is critical for implant

Figure 1. Visual representation of different cell functions affected by biomaterials in bone.

Upon implantation of a biomaterial in bone, an inflammatory response is initiated that stimulates the migration and subsequent

adhesion of host cells to the material surface. Osteoprogenitors will then proliferate and later differentiate into osteoblasts to

secrete new bone. Eventually new vasculature will form and osteoclasts begin to remodel/resorb the surrounding bone. Cellular

communication will occur throughout this process contributing to multiple cell functions.
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integration and maintenance [28,29]. M2 macrophages secrete BMP-2 to recruit osteoblasts to form new bone
around the implant surface [30].
Surface modifications can modulate the inflammatory response of biomaterials. Coating titanium implants

with bioglass increases macrophage adhesion while reducing secretion of pro-inflammatory cytokines [31].
Other surface treatments can modulate the inflammatory response. For example, surface hydrophobicity down-
regulates pro-inflammatory cytokines such as TNFa and IL1a [32]. Although many materials provoke only
minimal inflammation in bulk form, biocompatible materials can become inflammatory when in micro/nano
particle form. Such particles can be released as prosthetic debris into the surrounding tissue during wear, con-
tributing to inflammation, osteolysis, and implant failure [33]. Macrophages will attempt to phagocytize these
particles and secrete pro-inflammatory cytokines including TNF-a, IL-1a, IL-1B, IL-6, IL-8, IL-11, IL-15,
TGF-a, GM-CSF, M-CSF, and PDGF. Osteoclast formation is subsequently stimulated through the RANKL
pathway, contributing to peri-implant bone resorption and osteolysis [34].

Adhesion
One of the first steps for biomaterial-cell interactions is cellular adhesion. Cellular adhesion is mediated by
integrins, heterodimeric membrane proteins that facilitate attachment of cells to the extracellular matrix as well
as biomaterials. It is important to recognize that cells do not attach to ‘naked’ materials. Material surfaces are
conditioned by the surrounding fluid/serum. Upon immersion in biological fluids, the material surface is
quickly saturated with proteins. Surface energy influences protein adsorption [35], but the relationship is not
simple, as other material parameters including hydrophilicity, stiffness, charge and topography also direct
protein adsorption. Serum proteins such as vitronectin and fibronectin are important for osteoblast adhesion to
materials [36]. These proteins contain adhesive peptide sequences such as RGD that form attachments with
integrins [37]. Fibronectin supports the survival of attached osteoblasts [38] and vitronectin is critical for cell
attachment and spreading in [39]. Osteopontin is another matrix protein present at the bone-biomaterial inter-
face. Osteopontin quickly accumulates at the tissue-implant interface to form a cement line. This osteopontin
rich layer helps support cell adhesion, regulates mineralization, and may play a vital role in anchoring the
implant to the surrounding tissue. Materials found to accumulate an osteopontin coating include HA, titanium,
and cell culture dishes [40].
Physical properties of the bulk material and surface also influence cellular adhesion. For example, fibroblasts

spread more, form stress fibers, and increase integrin expression when on stiffer substrates [41]. Surface rough-
ness and topography can have effects on the magnitude of cell adhesion, which is often exploited when design-
ing dental/orthopedic implants to enhance osseointegration. For example, sand blasting, acid etching, and
anodization enhances cell adhesion and osseointegration of titanium implants [42], and greater numbers of
osteoblasts attached to grooved titanium than rough titanium because of patterning and alignment [43]. The
influence of topography on cell adhesion extends to the nanoscale [44] and nanoporous titanium promotes
maturation of focal adhesion and filopodia in osteogenic cells compared with polished titanium [45]. Cell adhe-
sion, however, can be reduced on rough titanium surfaces in some situations. Human osteoblast-like MG63
cells have lower attachment to grit-blasted titanium (roughness 2.0–3.3 mm) versus machined titanium (0.2 mm
roughness) [46]. The seemingly contradictory information regarding the effect of roughness on cell attachment
illustrates the complex relationship between roughness and surface topography. Definitions of ‘rough’ surfaces
vary from study to study and many studies do not characterize surface topography, or do so only with qualita-
tive techniques [47].
Surface chemistry of materials also directs cell adhesion. Cells typically have greater adhesion on hydrophilic

surfaces [39]. Contamination of titanium surfaces with hydrocarbons has a negative effect on adhesion,
whereas UV photofunctionalization enhances osteoblast adhesion by catalyzing the oxidation of hydrocarbon
contaminants, increasing hydrophilicity and surface energy [48]. There is much interest in engineering material
surfaces with specific ligands to influence cell attachment. One of the most common ligands is the RGD
peptide sequence, which is found in extracellular matrix proteins such as collagen, fibronectin, and vitronectin.
RGD can bind to integrins such as α5β1 and αVβ3 [37]. Cyclic RGD stimulates osteoblast adhesion [49] and
RGD helps osteoblasts attach to chitosan [50]. Since RGD binds integrins, it can have conflicting interactions
with serum proteins, resulting in negative effects on cell adhesion. For example, RGD coating can enhance
MSC attachment to HA depending on density, but can also interfere due to competing interactions with serum
proteins [51,52]. In vivo studies on the effect of RGD coatings on osseointegration have had conflicting results,
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with RGD coating on hydroxyapatite inhibiting osseointegration [53] but stimulating bone formation when
conjugated to titanium [54]. Other peptides have been used as well, including the P-15 collagen peptide
(GTPGPQGIAGQRGW) that increases cell attachment to bovine anorganic bone mineral [55]. Dual-peptides
containing material-binding domains and cell-binding domains have proven useful for creating adhesive inter-
faces between cells and materials. The Glu7-Pro-Arg-Gly-Asp-Thr peptide containing the mineral binding
polyglutamate sequence as well as RGD facilitates attachment of osteoblasts to HA [56]. Phage display is a
powerful tool that facilitates the discovery of novel sequences with specificity to certain cells or materials. This
technique resulted in the discovery of the MSC-binding DPIYALSWSGMA (DPI) sequence and biomimetic
mineral binding VTKHLNQISQSY (VTK) sequence. Combining these sequences into dual-peptide DPI-VTK
increases the magnitude and specificity of MSC attachment to mineralized biomaterials [57]. In vivo, DPI-VTK
functionalized scaffolds seeded with human MSCs resulted in greater volume of regenerated bone and
vasculature [58].

Migration
Like adhesion, integrins play a critical role in cell migration. Cell migration requires that adhesions are dis-
mantled on the back end of the cell while new ones are created on the leading edge. In order for this to occur,
adhesion must be strong enough to facilitate attachment while weak enough to allow detachment. Therefore,
cell migration is greatest at intermediate ligand concentration/attachment strength [59]. Cells migrate at differ-
ent rates on different materials. For example, bone marrow stromal cells have reduced motility on mineralized
vs non-mineralized PLGA [60]. For directional migration to occur, cells must be able to sense a gradient. This
can occur through two main modes, haptotaxis with surface-bound gradients of ligands, or chemotaxis with
soluble gradients. Haptotaxis can be influenced by the hydrophilicity of a substrate, with bone cells migrating
towards hydrophilic substrates due to increased vitronectin adsorption (Dalton 1998). Functionalization of scaf-
folds with ligands can increase migration in vivo. For example, α2β1 integrin specific peptides coupled to a
hydrogel enhances migration of osteoprogenitors [61]. Growth factors adsorbed or encapsulated within materi-
als can be released in a controlled manner, creating a soluble gradient to induce chemotaxis of osteogenic cells.
For example, SDF-1 induces migration of MSCs when released from scaffolds [62], and calcium, released by
certain ceramic materials, induces MSC migration [63] by increasing osteopontin expression [18].

Proliferation
Cell proliferation is necessary to replace cells lost from apoptosis during both bone homeostasis and regener-
ation. Of particular importance during bone healing is the proliferation of MSCs, which will subsequently dif-
ferentiate into osteoblasts to form new bone [64]. Different material parameters can stimulate or inhibit this
process. Chemical cues, such as extracellular calcium released from calcium containing bioceramics can stimu-
late proliferation of MSCs [18]. Integrins such as α5β1 regulate cell proliferation in osteoblasts. Blocking the α5
subunit in osteoblasts resulted in reduced proliferation [65]. In contrast, silencing integrin α2β1 in osteoblast-
like cells increased proliferation. Proliferation and differentiation are typically mutually exclusive processes, as
evidenced by the pro-differentiation and anti-proliferation effects of α2β1 [66]. Micropatterning of surfaces can
stimulate cell proliferation by directing mechanical strain along the axis of cell elongation [67].
Microroughness, in contrast, can reduce proliferation and induce differentiation of MSCs, and this general
trend holds for many cell types [36,66]. Controlling protein adsorption can impact cell proliferation, with fibro-
nectin stimulating proliferation [68]. Functionalizing surfaces with adhesive ligands such as RGD, rather than
the whole protein, can also increase proliferation [50].

Communication
The complex and dynamic functions of bone tissue require cell coordination on a spatial and temporal level,
which is regulated by cell communication. Gap junction communication between osteocytes coordinate
mechanotransduction, mineral deposition and paracrine communication via BMPs, VEGF and RANKL.
Paracrine communication via BMP-2 and osteocalcin coordinate osteogenic differentiation of stem cells [69],
osteoclastogenesis, healing and other cell activities for bone. The most important function of gap junction com-
munication in bone is mechanotransduction, allowing other functions of bone, such as remodeling, to occur.
Mechanical properties of the material, as well as the forces around the material affect gap junction communica-
tion. Permeability of bone, which allows for mechanotransduction, is a function of bone porosity and viscosity
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of the fluids within the pores. Mechanotransduction is mediated through gap junction communication and
occurs by shear flow of the fluid in the pores caused by mechanical forces. Fluid shear directly triggers perturb-
ation of α5β1 integrins [70], but also cadherins and caveolae [71] to activate the ERK1/2 pathway and open
gap junction hemichannels [72]. The reaction to mechanical stimulus is more complex than the proposed
Mechanostat Theory, which indicated that at high mechanical stimuli bone mass is increased, at lower stimuli
is decreased and an intermediate stimulus is maintained. Within the range of physiological strains, there is
overlap in resorption and formation rates, which indicates that load is not the only factor controlling bone
remodeling.
Although mediated through gap junction communication, mechanotransduction, through gap junction com-

munication, can promote paracrine communication as a result. Mechanotransduction allows cells to create a
biochemical signal within the cell from a mechanical signal from the surrounding matrix. The direct mechan-
ical material-cell interaction prompts osteocytes to produce paracrine signals such as BMPs, Wnts, PGE2 and
NO, which influence cell behavior such as recruitment, differentiation and activity of osteoblasts and osteoclasts
[73–76]. The effect of gap junction communication on paracrine communication and other cell functions, such
as differentiation, can be manipulated by micropatterning surfaces. Engineering patterns allows for contact
between multiple cells and encourages gap junction communication increased differentiation [77]. Many
studies do not delve beyond observing the effects certain biomaterials make on cell behavior. Understanding
the underlying mechanisms may lead to better understanding the role of gap junction communication in cell
behavior.
Cell communication is also modulated by surface chemistry. For example, cell attachment to calcium silicate

induces cross-talk between osteocytes and endothelial cells, inducing paracrine communication of VEGF [78].
Col-I attachment can modulate [Ca2+]- and cAMP-signaling pathways in osteoblasts [79]. Material character-
istics, such as aligned pattern and surface chemistry, can be used in tandem to affect cell behavior. For
example, Xu et al. [80] used aligned ECM and bioglass to increase Cx43 expression in MSCs, which has an
important role in MSC differentiation. Biomaterials containing silica have been used for bone regeneration as
the presence of silica increases Cx43 mediated gap junction communication [81,82], proliferation and differen-
tiation in MSCs [83], while decreasing osteoclastogenesis [84]. Both paracrine and gap junction communication
can modulate other cell functions, thus it is important to assess the effect of the material on cell
communication.

Differentiation
Mesenchymal stem cells can be sourced from multiple locations, including the bone marrow, and are multipo-
tent stem cells, which differentiate into osteoblasts, adipose cells, cartilage, neural or muscle cells [85].
MSC differentiation can be directed by physical cues such as material stiffness and surface geometry, as

MSCs are mechanotransductive and convert mechanical signals from the substrate surface into biochemical
signals. Mechanical parameters such as fluid shear stress and substrate strain also provide cues for MSC differ-
entiation, also through means of mechanotransduction [86]. The mechanical to chemical signal transduction
can be observed by focal adhesion formation and the YAP gene program [87]. More specifically, α2β1 integrin
binding [66] promotes osteogenic differentiation.
The mechanical property of surface stiffness particularly, affects MSC cell fate. MSCs on softer substrates,

with elasticity mimicking brain elasticity (E∼ 0.1–1 kPa) have neuron-like morphology past 7 days, while stiffer
matrices (25–40 kPa) results in polygonal MSC morphology, resembling osteoblasts [88–90]. Micropatterning
regulates cell shape, which determines fate and commitment of MSCs. [91,92] Convex geometries, such as pen-
tagons, lead to an adipocyte lineage, while concave geometries, such as star shapes, lead to an osteogenic
lineage [93]. Smaller micropatterns (1024 mm2 islands) lead MSCs into chondrocyte lineage, while large micro-
patterns (10 000 mm2 islands) drive MSCs into myocytes [94].

Vascularization
Vascularization is necessary for bone survival, but also healing and endocrine signaling. Angiogenesis, forma-
tion of blood vessels from existing vessels, is tightly bound with osteogenesis and bone remodeling, and the col-
lagen that is deposited by osteoblasts onto the surface of the new blood vessels is also a template for mineral
deposition [95]. During bone development and healing, the processes of angiogenesis and osteogenesis are
coupled, and together are regulated by vascular endothelial growth factor (VEGF) and BMP-2. Type H vessels,
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which are in the vicinity of bone growth plates direct bone growth by gap junction communication as well as
paracrine communication, stimulating progenitor cells to proliferate and differentiate [95].
Multiple material parameters affect quality and quantity of newly formed vessels. For bone regeneration,

both pore size and interconnection are important parameters. Interconnected pores between 100–150 mm are
beneficial for vessel development [96]. β-TCP scaffolds made with larger pores implanted without cells lead to
the formation of larger blood vessels, but scaffolds with larger interconnections result in both larger vessels and
more vessels, with effect plateauing at pore size of 400 mm [86].
Increased roughness and surface energy of both metal [97,98] and polymeric surfaces [99,100] improves cell

adhesion by increasing adhesion density and cell aspect ratio, even on a nanometer scale. To undergo angio-
genesis, endothelial cells need to be adherent and motile, therefore increasing endothelial cell adhesion density
is critical to induce angiogenesis and maintain the neovasculature. Surface stiffness also affects endothelial cell
morphology, which affects angiogenic potential. Endothelial cells develop a spread morphology and have more
actin fibers when seeded on stiffer surfaces. (E > 2 kPa) [41,101].

Resorption
Bone remodeling is a dynamic process of replacing old bone matrix with new matrix and maintaining bone
volume. Bone resorption is an essential process for bone to adapt to physiological changes throughout life [102].
Resorption is a complex process including migration of osteoclasts to a focal site, followed by attachment and
polarization, then dissolution of hydroxyapatite (HA) and degradation of the organic matrix. Once these steps
are complete, the osteoclasts undergo apoptosis.
Resorption by osteoclasts can be modulated by altering surface parameters such as material surface chemistry

and surface roughness. Resorption of calcium-phosphate ceramics is dependent on Ca/P ratio and crystallinity.
For example, osteoclasts resorb more biphasic calcium phosphate when HA/β-tri calcium phosphate (β-TCP)
ratio is 25/75 versus 75/25. [8] Strontium substituted calcium phosphate inhibits osteoclast resorption by delay-
ing osteoclast differentiation [103,104]. Carbonated apatite has increased resorption [105]. The nature of
organic materials also impacts resorption, as fibrinogen modified chitosan has greater osteoclastic resorption
than on unmodified chitosan [106]. Besides surface chemistry, surface roughness affects osteoclast resorption.
When on rough biomimetic hydroxyapatite, osteoclasts have reduced resorption [107], but on rough titanium,
there is no change in MMP expression or morphology [28,108]. This is due to surface wettability and surface
energy [109,110].

Figure 2. Relationship between most influential material parameters and impacted cell functions.

The diagram highlights the connections between cell functions and material parameters discussed in the review paper.
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Conclusion
Cell functions can be stimulated or inhibited by choice of material, which guides surface chemistry, protein
adsorption and material stiffness, and material surface and bulk modification, such as surface roughness, topog-
raphy, porosity and strain. Additionally, modifications of many of these material properties can promote one
cell function over another. Many cell functions can be modulated through modifying integrin binding and cell
adhesion, as osteocytes and MSCs are mechanotransductive cells and sense surface stiffness, roughness and
shear forces through focal adhesions which have cascade effects throughout the cell and tissue. An overview of
the relationships between material parameters and cell functions can be seen in Figure 2.
Better understanding of the effect of how physical parameters drive bone cell function has allowed for

improved therapy and implant design. As bone is a dynamic organ, which is interconnected with the immune
system and vascular system, future material designs need to better account for not only osteogenic potential,
but also vascular and immune potential. Additionally, most of the studies cited assessed the effect of one par-
ameter on one cell action, which although informative, may be giving a limited image of the potential of
manipulating a particular variable on effective tissue engineering strategies. The future of material design
would encompass various cell functions and modulating material parameters to ensure not only one, but mul-
tiple cell functions are promoted in order to achieve optimal effects.

Perspectives
• Highlight the importance of the field: Both the choice of material and its design specifications

have a significant effect on many cell functions, and it is vital to material success to under-
stand their effect on cell functions.

• A summary of the current thinking: Material parameters have a multitude of effects on cells
and can be used to promote cell functions. Many cell functions are modulated through integ-
rin binding of cells to material, thus modifications of cell attachment are important to consider
in material design.

• A comment on future directions: Current research focuses on modification of one or two prop-
erties. Understanding complexities of bone function, such as healing, differentiation and
remodeling, enables materials to be designed that direct multiple cell functions.
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