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Effects of bone substitute architecture and
surface properties on cell response, angiogenesis,
and structure of new bone

F. S. L. Bobbert* and A. A. Zadpoor

The success of bone substitutes used to repair bone defects such as critical sized defects depends on
the architecture of the porous biomaterial. The architectural parameters and surface properties affect

cell seeding efficiency, cell response, angiogenesis, and eventually bone formation. The relevant

parameters include pore size and porosity, pore shape and fibre orientation, surface properties, and
mechanical properties. For example, small pores are preferable for cell seeding, but limit cell viability,
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cell proliferation and differentiation. Moreover, the pore size and geometry affect the alignment of cells
and the structure of the regenerated bone. This paper presents an overview of the effects of porous
biomaterial architecture including pore size and porosity, pore shape and fibre orientation, surface

topography and chemistry, and structure stiffness on cell seeding efficiency, cell response, angiogenesis,

rsc.li/materials-b and bone formation.

1. Introduction

Bone substitutes act as three-dimensional matrices that guide
and promote bone regeneration in order to heal critical sized
defects.'” In these defects caused by trauma,” tumour resection,”
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or severe fracture,”® bone is unable to heal itself. The most
common bone substitutes include autografts,”® allografts,® and
xenografts,® which are pieces of bone removed from the body
of the patient, another person, or an animal, respectively.®
Because the use of these biological grafts may result in damage
to the body and their supply is limited, another solution has
to be found.” Therefore, new synthetic biocompatible porous
materials are developed. These biocompatible materials could
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Table 1 Biomaterial abbreviations and material group

Biomaterial Biomaterial
abbreviation Full form of biomaterial group
CaP Calcium phosphate Ceramic
HA Hydroxyapatite Ceramic
MBG Mesoporous bioactive glass Ceramic
B-TCP B-Tricalcium phosphate Ceramic
Ti6Al4V Titanium Metal
TiNi Titanium nickel Metal
TT Trabecular titanium Metal
CSNF Chitosan network fibres Polymer
Col Collagen Polymer
CG Collagen-glycosaminoglycan Polymer
DEF Diethyl fumarate Polymer
HFIP Hexafluoroisopropanol Polymer
PA Polyacrylamide Polymer
PDMS Poly(dimethylsiloxane) Polymer
PLGA Poly(lactide-co-glycolide) Polymer
PPC Poly(propylene carbonate) Polymer
PPF Poly(propylene fumarate) Polymer
PCL Poly(e-caprolactone) Polymer
SF Silk fibroin Polymer
SPCL Starch poly(e-caprolactone) Polymer
TG Thermoplastic gelatin Polymer
TPU Thermoplastic polyurethane Polymer
PDLLA Poly(p,t-lactic acid) Polymer

also be called biomaterials and are not harmful or toxic to
living cells and tissues inside the body.’

Depending on the biomaterial used (polymer, ceramic, or
metal) (Table 1), different fabrication techniques could be
applied to manufacture the designed porous biomaterials.
For metal bone substitutes, selective laser melting (SLM),"*®
selective laser sintering (SLS),"” sintering,'® perforating titanium
sheet' and capsule-free hot isostatic pressing (CF-HIP)' are
some examples of the applicable production methods. Polymer
and ceramic bone substitutes could be manufactured with porogen
leaching,?° freeze drying,*' 3D printing of successive fibre/strut
layers,>® electrospinning,”” or gas foaming."*® The above-
mentioned techniques vary in accuracy and the level of control
over the parameters that describe the architecture of the scaffold.

A lot of research has been undertaken to see how the
architectural parameters and surface properties of a developed
bone substitute influence the bone regeneration process. Para-
meters determining the performance of porous biomaterials for
bone tissue engineering include pore size,**** pore shape,*>*"*?
porosity,>>*"**** interconnectivity,>®*>** fibre orientation,*?

Table 2 Osteogenic markers

View Article Online
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surface properties, and mechanical properties.
The design of biomimetic materials affects cell behaviour and
provides guidance during tissue regeneration. Therefore, the
design parameters can be chosen such that the desired cell
response is elicited and the formation and structure of the new
bone is guided.

Bone formation occurs in several steps starting with cell
seeding®’ or recruitment of stem cells. In the case of cell
seeding, the cell seeding efficiency can be measured, which is
the number or percentage of attached cells within the structure
after cell suspension is seeded.?” Cell viability is important in
all stages of bone regeneration and depends on the availability
of nutrients*® and oxygen for cells within a structure, as well as
on waste removal.*’

Cells should be able to migrate and distribute throughout
the structure to ensure a stable bone-implant fixation and bone
formation within the structure. The migration of cells is a
stepwise process. First, the lamellipodia and filopodia protrude
at the front of the cell and adhere to the surface of the
biomaterial, which is called focal adhesion.’® The cell pulls
itself forward by releasing the adhesions at its back side and
contracting its body.”" The strength of the focal adhesions
influences the cell morphology®* and is thought to determine
cell response and gene expression.”*>°

During bone regeneration, cells proliferate and differentiate
into osteoblasts which deposit a collagen matrix that becomes
mineralized. The first stage, i.e. proliferation, takes place in the
first days after seeding and consists mainly of cell division.”®
During this stage, cells are still able to migrate.>® After proli-
feration, cells start to differentiate into osteoprogenitor cells
until the end of the second week, and the release of alkaline
phosphatase (ALP) increases.’”*® In two weeks after the differ-
entiation stage, osteocalcin (OCN) and osteopontin (OPN) are
produced and secreted by the cells,””*® indicating the presence
of osteoblasts’”®® (Table 2). When the collagen matrix is
synthesized by osteoblasts,> biomineralization is initiated
and mineral crystals are formed within the collagen matrix.>®
In parallel with the proliferation and differentiation of cells,
blood vessels form from existing vessels (angiogenesis).®® These
vessels create a vascular network to provide oxygen and nutrients
to the cells and developing tissue within the bone substitute.*®
This network provides stem cells needed for bone regeneration
and direct the differentiation of endothelial cells and pre-
osteoblasts.®™®* All these steps in the bone regeneration process

Marker abbreviation Full form of marker

Expressed by

ALP Alkaline phosphatase Osteoprogenitor

RunX-2 Osteoprogenitor, osteoblast

OPN Osteopontin Osteoblast

OCN Osteocalcin Osteoblast

OPG Osteoprotegerin Osteoblast, inhibits bone resorption

Calcium Osteoblast

Col1 Collagen type 1 Organic matrix of bone, synthesized by osteoblasts
VEGF Vascular endothelial growth factor Growth factor blood vessels

BSP Bone sialoprotein Mineralized tissue
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and the architecture of the bone substitute determine the amount
and quality of the newly formed bone.

Understanding the effects of the architecture of a bone
substitute on cell response is important to optimize the design
of porous biomaterials that are aimed for bone regeneration.
This paper presents an overview of the effects of various archi-
tectural parameters and surface properties on the cell seeding
efficiency, cell response, angiogenesis, and bone formation.

The seeded cell types were mainly BMSCs, (pre-) osteoblasts,
and fibroblasts. Only in a limited number of cases the cell
behaviour seemed to depend on the type of seeded cells.®*™*

2. Pore size and porosity

Pores are the voids within a porous biomaterial which provide
space where new tissue and blood vessels will grow.®>®” The
pore size (diameter of an individual void) and porosity (percentage
of void volume within a porous biomaterial) are connected to each
other when the bone substitute contains an interconnected pore
network. An increase in pore size has been associated with an
increased porosity in most studies. Increasing the porosity of
a porous bone substitute is a way to lower the stiffness.®® This
reduces the mismatch between the stiffness of a (metal) bone
substitute and the host bone,*® thereby mitigating the problems
associated with stress shielding.”

2.1 Cell seeding efficiency

The seeding efficiency (Table 3) depends on the number of
attachment sites within a porous biomaterial and the available
time for cells to attach to the surface.'” With an increased pore
size, the surface area within the structure decreases, resulting
in less attachment sites for the seeded cells.?>*! In addition to
the lower number of attachment sites caused by bigger pores
and higher porosity, the permeability of the porous biomaterial
increases.'® A higher permeability value is associated with a
higher flow rate, which reduces the time for cell attachment to
the surface of the structure during seeding."?

Several studies have shown that the seeding efficiency
decreases as the pore size increases, regardless of the bio-
material or seeding cells used.">****7" Cells are more likely
to aggregate at the seeding surface of poly(e-caprolactone) (PCL)
porous biomaterials with pores smaller than 84 pum.”" This
results in an inhomogeneous distribution of cells throughout
the structure.”" In structures with bigger pores (e.g. 116 pm), cells
are able to penetrate the top surface and distribute homoge-
neously throughout the scaffold.”* However, when pores become
larger (>162 pm), cells tend to escape from the structure.”! In a
study by Salerno et al., PCL structures seeded with hMSCs with
a bi-modal architecture (mean pore sizes 38 um and 312 um)
and a mono-modal structure (mean pore size 325 pm) were
compared.*® They found that cells distributed throughout the
bi-modal scaffolds, but that they remained in the seeding region
of the mono-modal scaffolds.*® Studies with silk fibroin (SF)
scaffolds found a low seeding efficiency with no difference
among scaffolds with pore sizes between 80 and 500 pm.>>**7

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tb00741h

Open Access Article. Published on 22 June 2017. Downloaded on 4/7/2026 9:46:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

One explanation for this low seeding efficiency of these scaffolds
is their high porosity which ranged between 71% and 96%.
In general, small pores are preferable for cell seeding. However,
these pores should be larger than 100 um to make a homoge-
neous distribution throughout the porous biomaterial possible.
Depending on the tortuosity of the void space, there is a limit to
the pore size to prevent cell escape which will reduce the seeding
efficiency.

2.2 Cell viability

Cell viability seems to be mainly affected by the pore size
and the porosity of the biomaterial (Table 3). Different
studies™'>?%¥14%72 found a higher cell viability in porous bio-
materials with bigger pores, which can be related to the higher
oxygen diffusion into the interior region of these structures.>
The oxygen diffusion within porous biomaterials with small
pores is limited by cell aggregation at the surface and the low
penetration level during cell seeding and migration. In decel-
lularized bone scaffolds, no difference in cell viability was
found for different pore sizes and porosities.** The difference
in these findings might be the result of the structure thickness,
the pore size and porosity of these porous biomaterials, and the
tortuosity of the void network. The porosity (and pore size) of
different porous biomaterials varied between 71% and 94%
(80-300 pm) (SF),”* 36-58% (94-147 pm) poly(lactide-co-glycolide)
(PLGA)," 42-87% (500-1000 pum) (Ti6Al4V)"? and for the decellular-
ized bone substitutes between 70.4 and 88.3% (208-376 um).** The
lower cell viability in the SF’> and PLGA (Fig. 2c)" scaffolds with
small pores can be explained by the pore size which was smaller
than 100 pm. In these scaffolds, cells are more likely to aggregate
and block the way for oxygen and nutrients to the centre of the
scaffolds. Based on these results, it could be concluded that pores
smaller than 100 pm should be avoided to prevent cell death.

2.3 Cell migration

Cell migration depends on the pore size and porosity of a porous
biomaterial (Table 3)."?%**3138447L72 Regtricted cell migration
was observed in porous biomaterials with small pores, while cells
can migrate more easily and distribute homogeneously when a

structure contains bigger pores up to 500 pm.>**"*

2.4 Cell alignment and morphology

Table 3 summarizes the results found on cell alignment and
morphology (Fig. 1). In large pores, cells tend to align with and

View Article Online
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1244473 while cells are able to

form sheets on the pore walls
bridge smaller pores.®®”* The sheet formation occurred in PCL
scaffolds with pores between 1000 and 1500 pm.”>

In a study on Ti structures with a mean pore size of 425 pm,
cells elongated and connected with other cells and the pore
walls in pores whose size was between 100 and 150 um.*® Pores
larger than 200 pm could not be bridged and the cells aligned
with the pore surfaces.®® No cell growth was found in pores
smaller than 100 pm.®°

The sheet-formation of cells could be connected to a well-
spread cell morphology'®'®>>237>74 (Fig, 1c-f) with filopodia
adhered to different points on the pore surface, indicating
strong focal adhesions.®*”® These filopodia help the cell sheets
to align within the pores.”® Cells that bridge small pores or
several struts are subjected to higher strains than cells adhered
to a single surface, depending on the ratio between the cell size
and pore size or the distance between the struts.”® Cell sheets
are formed by filopodia of cells that are connected to neigh-
bouring cells, leading to a better communication between
cells.”””® Furthermore, a close connection with the pore surface
seems to improve the bone regeneration process.”> By modifying
the pore size, the alignment within the pores and the cell
morphology could be guided. However, the pore shape and
biomaterial used should be taken into account as well.

2.5 Cell proliferation

Cell proliferation depends on the amount of nutrients to
produce a new cell and the available space for cells to grow
and multiply.®*’® The pore size and porosity are important to
satisfy these requirements, resulting in higher proliferation
rates in porous biomaterials with bigger pores and higher
porosities'*?%2431,44,69.72,73 (Taple 3). Porous biomaterials
with large pores have more space for cell growth and enhance
the diffusion of oxygen and nutrients. In the bi-modal and
mono-modal PCL scaffolds mentioned before, the hMSCs
within the seeding region of the mono-modal scaffolds proli-
ferated faster than the cells within the bi-modal scaffolds up to
21 days after seeding.*® This was due to the higher availability
of oxygen and nutrients at the top of the scaffolds compared to
the centre and the bottom of the scaffold.*® However, due to the
high number of cells within the top part of these mono-modal
scaffolds after three weeks, lack of space led to a reduction of
living cells.*® A higher cell number was found within decellu-
larized bone,* SF,”> PLGA*® and collagen-glycosaminoglycan (CG)

Fig. 1 Cell alignment and morphology on different biomaterials with different surfaces and architectures. (a) Spreading of BMSCs on the surface of HA
structures,® (b) BMSCs bridging several collagen fibers within the HA structure,®® (c) spreading of osteoblasts and forming sheets on a convex surface in
NiTi structures,® (d) osteoblasts adjusting the morphology to the roughness of pores in NiTi structures,*® (e) stretched morphology of BMSCs on the MBG
surface after 7 days,”* and (f) BMSCs show a well-spread morphology and connecting to other MBScs after 7 days on MBG structures with a silk film

created with a 5.0% silk solution.”*

This journal is © The Royal Society of Chemistry 2017

J. Mater. Chem. B, 2017, 5, 6175-6192 | 6179


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tb00741h

Open Access Article. Published on 22 June 2017. Downloaded on 4/7/2026 9:46:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

scaffolds containing more pores with a minimum size of
200-300 um.>* Studies on PLGA-CaP*® and SF*? structures with
pores between 140 and 1200 um did not find a significant
difference in cell proliferation. It is difficult to determine why
some studies found a significant difference in proliferation and
some did not. The materials (PLGA and SF) were used in the
studies that found a significant difference in proliferation for
larger pores as well as in studies that did not. Also, the pore
sizes used in the latter studies were in the range of the pore
sizes used in the studies in which pore size seemed to affect cell
proliferation. And finally, the seeding cells used (ASCs and
BMSCs) also do not seem to be the reason for the different
findings. Therefore, it is not clear what pore size would
promote cell proliferation.

2.6 Cell differentiation

The results in Table 3 imply that the pore size may affect cell
differentiation. Studies on porous SF**> and decellularized
bone®* structures found no significant difference in alkaline
phosphatase (ALP) expression between structures with different
pore sizes. However, an initially higher ALP activity was found
in SF scaffolds (Fig. 2h) with bigger pores.”” This might suggest
that small pores delay osteogenic differentiation. Studies on
poly(propylene fumarate) (PPF),** PLGA-CaP,*® PCL,”* poly(p,L-
lactic acid) (PDLLA),”* Ti6Al4v'* and SF’? scaffolds found
an increased osteogenic differentiation in scaffolds with
larger pores.

6180 | J. Mater. Chem. B, 2017, 5, 6175-6192
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In a study on bi-modal and mono-modal PCL scaffolds,
higher OPN levels were found at the top of scaffolds with a
mono-modal architecture.®® In those scaffolds, the seeded cells
remained at the top of the scaffold and therefore faster proli-
feration and osteogenic differentiation occurred due to the
high availability of oxygen and nutrients and exposure of cells
to osteogenic medium.*®* One explanation that osteogenic
differentiation occurred more in large pores is that the cells tend
to be more spread in large pores compared to small pores. This
morphology is thought to promote osteogenic differentiation.”®

2.7 Blood vessel formation

Angiogenesis occurs by the formation of small branches at
the ends of existing blood vessels®® that grow into the bone
substitute."® The production of vascular endothelial growth
factor (VEGF) is needed to stimulate the growth of these
small blood vessels®® and is found to be higher in porous
PPF biomaterials (Fig. 2e) cultured in vitro with large pores
(Table 3).> When insufficient blood vessels are present during
the bone regeneration process, fibrous tissue will form.*
Fibrous tissue was found in porous biomaterials with small
pores in an in vivo study on p-tricalcium phosphate (B-TCP)
scaffolds.”” In the same study, more blood vessels with a
bigger diameter were present and less fibrous tissue was
formed in substitutes with pores bigger than 400 um.>” It was
also observed that porous biomaterials with pores between
470 and 590 pum contained more blood vessels as compared

“Z000m

Fig. 2 Different pore sizes, shapes and biomaterials. (a) TiGAI4V,*2 (b) SPCL, %% (c) PLGA* (d) BG,®” (e) PPF,?! (f) collagen-apatite,®* (g) MBG,”* and (h) SF.”2

This journal is © The Royal Society of Chemistry 2017
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to porous biomaterials with pores larger than 590 um.>® These
results seem to suggest that pores larger than 400 pm are
preferable for blood vessel formation and consequently for
the delivery of oxygen and nutrients to the cells inside the bone
substitute.

2.8 Tissue formation and mineralization

Tissue formation and mineralization in porous biomaterials
are affected by pore sizes and porosities (Table 3). In the initial
stage, i.e. up to 2 weeks of in vitro culture, collagen structures
were unorganized in a PDLLA structure.>® After this period, they
became more complex and structurally organized.>® This was
also found in implanted PLGA structures with a higher amount
of collagen in structures with large pores compared to struc-
tures with small pores.®! Thicker collagen fibres were present
in PDLLA scaffolds with medium sized pores compared to
scaffolds with larger and smaller pores.>* Also the amount of
mineralized collagen was higher in scaffolds with medium
sized pores compared to the scaffolds with large pores, and
no calcium areas were found in scaffolds with the smallest
pores (<275 um).>*

Porous biomaterials with larger pores were found to have
a better and higher distribution of calcium and mineral deposi-
tion parallel to the pore walls in vitro.”® This could be an effect
of the alignment of cells with the pore walls, higher cell
viability, distribution, and proliferation rate in structures with
large pores.

An in vitro study showed increased bone formation in
scaffolds with medium sized pores, which could be related to
the higher amount of osteoblasts present in the inner region of
these scaffolds.*® Different in vivo studies have shown that a
higher porosity promotes host bone ingrowth for a stable
fixation with the bone substitute'>”® and that larger pores
suppress fibrous tissue infiltration.>” In an in vivo study by
Sicchieri et al., most bone was formed in scaffolds with pores
between 470 and 590 um.?® The limited amount of fibrous
tissue infiltration and high amount of bone formation in large
pores seem to be related to the higher amount of space and
blood vessels present in these structures. Therefore, it can be
concluded that large pores and angiogenesis are important for
bone formation.

2.9 Structure of the new bone

The structure of the new bone grown in vivo depends on the
organization of the synthesized collagen, which seems to be
affected by the pore size®" (Table 3). It was observed that cells
tend to align with the walls of big pores where they proliferate,
differentiate, and synthesize a structured collagen matrix.
When this matrix becomes mineralized, it forms a lamellar
structure.®® Therefore, the alignment of cells with the pore
walls in bigger pores could be used to control the structure
of the newly formed bone. In a study on PLGA scaffolds
with different pore size ranges of 100-300, 300-500 and
500-710 pm, the most newly formed bone with a lamellar
structure was found in scaffolds with the medium pore size
range.®’

This journal is © The Royal Society of Chemistry 2017
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3. Pore shape and fibre orientation

The geometry of pores within a bone substitute can be, among
others, spherical, rectangular, square, hexagonal or trabecular-
like, depending on the biomaterial and manufacturing process
used (Fig. 2). With solid freeform fabrication techniques, even
more complex shapes can be realized (Fig. 3).5*® The pore size
and shape affect the mechanical properties of porous bio-
materials, as they determine the dimensions and orientation
of the struts or fibres and, thus, the stress distribution inside
those structural elements.'®'® Moreover, stress concentrations
due to the notches present inside the structure or caused by
manufacturing imperfections could affect the mechanical
behaviour of porous biomaterials."?

Scaffolds with a ladder-like structure and rectangular pores
and scaffolds with large spherical pores collapse more easily
than porous biomaterials with smaller uniform round pores.?®
Studies on the mechanical properties of Ti6Al4V structures
(Fig. 2a) with different pore shapes (diamond, cube, truncated
cuboctahedron, triangular, and hexagonal) showed different
mechanical properties'” and fatigue strength for different unit
cells with similar porosity.™

3.1 Seeding efficiency

In the studies evaluated (Table 4), not much research has been
done on the seeding efficiency of different pore geometries.
A study on SF scaffolds found no difference in the seeding
efficiency of lamellar structures or structures with spherical
pores.?”> However, in a study where PCL scaffolds consisted of
random or oriented fibres, a higher seeding efficiency was
found in the scaffolds with a random fibre orientation.** This
random architecture created a more tortuous void space and
therefore a better geometry for cells to attach to during seeding.

3.2 Cell migration

The effects of pore shape and fibre orientation on cell migration
can be found in Table 4. Cell migration is limited in collagen-
apatite (Col-apatite) structures with lamellar pores compared to
spherical pores.**

In the lamellar structure, the pores are channels with a
height of 30 pm, divided by Col-apatite layers (Fig. 2f). The
cellular structure has a more honeycomb-like structure with
large interconnected pores of 242 pm (Fig. 2f). The limited cell
migration in the lamellar structure may have been caused by
the lower interconnectivity and small distance between the
lamellae as compared to spherical pores.

Cell migration behaviour changes for different pore shapes.
On a concave poly(dimethylsiloxane) (PDMS) surface with a
depth of 100 pm and a diameter of 200 pm the cells tried to
escape, while the cells on convex surfaces with similar dimen-
sions moved on top of the convex shape.®* A slow migration on
flat surfaces was observed.®*

3.3 Cell alignment and morphology

The pore shape influences the cell alignment and the rate
and level of pore size reduction by cells within a porous
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biomaterial'®'>*>>° (Table 4). In vitro studies have shown that
cells tend to bridge small distances between struts or fibres,
making the pores circular-shaped.'®"? Circular pores and pores
with wide angled corners, like honeycomb pores, are reduced in
size more and faster by cells that elongate and span short
distances than pores with sharp corners."” Cells on hydroxya-
patite (HA) scaffolds including a collagen fibre network con-
nected with several collagen fibres, while the cells on the pure
HA scaffolds with round pores were well spread on the pore
surface®® (Fig. 1a and b). These results suggest that porous
biomaterials with sharp cornered pores and an open space can
delay pore size reduction by cells and consequently improve the
transport of nutrients, oxygen, and waste removal. An in vitro
study on cell behaviour on convex and concave PDMS micro-
patterns found that the cells on convex and flat surfaces had a
well spread morphology.®* A more round morphology of the
cells was found on concave micro-patterns.*

3.4 Cell proliferation

The effect of pore shape and fibre orientation is summarized
in Table 4. On PCL scaffolds with randomly oriented fibres,
in vitro cell proliferation was found to be higher compared to
orthogonal oriented fibres.>* This random organization with a
more tortuous architecture also improved the seeding efficiency
and therefore, more cells throughout the scaffold were able to
proliferate.>® Triangular pores in Ti6Al4V scaffolds also showed
a higher amount of cell proliferation compared to hexagonal
and rectangular pores. This may be due to the amount of cells
that bridged the small distances compared to the other two
geometries. Therefore, there was more space in the triangular
pores for cells to proliferate.’* This higher amount of space also
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Selective laser melted Ti6AI4V porous biomaterials for bone regeneration based on triply periodic minimal surfaces.!°* (a) primitive, (b) I-WP, (c)

seemed to be the reason why SF structures with spherical pores
performed better in terms of cell proliferation compared to the
lamellar structures.>”

3.5 Cell differentiation

Cell differentiation seems to be affected by the pore size and
fibre orientation (Table 4). In an in vitro study by Van Bael et al.
(Fig. 2a), triangular pores with a size of 500 um could induce
osteogenic differentiation while hexagonal pores and rectangular
pores could not.'* Another in vitro study found that osteogenic
differentiation is affected by the orientation of a fibre network.**
A higher ALP activity was found in random fibre structures
compared to PCL structures with an organized orientation of
fibres.>* The higher amount of cells in these scaffolds due
to the higher seeding efficiency,** lower reduction of pore size'?
and higher proliferation'>** may be the reason why more
osteogenic differentiation took place.

3.6 Blood vessel formation

Angiogenesis seems to be affected by the organization of fibres
within a porous biomaterial® (Table 4). An in vivo study by
Scaglione et al. found many blood vessels in the void space of
HA and HA/Col scaffolds after two months of implantation.®®
In HA/Col scaffolds, where there was no controlled orientation
of the collagen fibres, large blood vessels grew randomly towards
the centre of the structure.®® In pure HA scaffolds, where more
blood vessels were found, they grew through the interconnected
pore network into the scaffold.®> HA scaffolds with concave pores
have been found to be more suitable for angiogenesis in the early
stages of implantation, while convex pores promote blood vessel
formation after 3 months of implantation.®>

This journal is © The Royal Society of Chemistry 2017
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3.7 Tissue formation and mineralization

Results of various studies imply that the inner geometry of
porous biomaterials affects the structural organization of the
synthesized collagen (Table 4). In an in vivo study, HA scaffolds
incorporated with a random orientation of collagen fibres
within the pores showed an unorganized deposition of collagen
1.%° The pure HA scaffolds with a round pore shape contained a
more organized network of collagen fibres which was deposited
parallel to the pore wall.® In an in vivo study on scaffolds with
concave and convex pores, more calcium and collagen were
deposited in scaffolds with concave pores.®” However, after
three months of implantation, the scaffolds with convex pores
contained more collagen and calcium.®” The fibre orientation®®
and pore shape®®*®” seemed to influence in vivo bone
formation and apatite crystal deposition within the collagen
matrix.

Invitro*® and in vivo®"®® bone formation seems to be enhanced
in porous biomaterials with a trabecular architecture.”>®”*®
Different studies found better bone ingrowth and integration
with host bone in trabecular scaffolds compared to oriented
bioactive glass (BG)*” (Fig. 2d) and SF** scaffolds. After 24 weeks,
more bone was grown in from the sides and bottom of the
scaffolds and small bone areas were present within the trabecular
BG implants.?” This indicates that osteoblasts were present within
the scaffold and were able to form apatite crystals. In scaffolds with
lamellar pores, more bone was formed after 4 weeks of implanta-
tion as compared to cellular shaped pores.®* The addition of a
chitosan fibre network to PPC scaffolds led to more in vivo bone
formation compared to pure PPC scaffolds.®® The higher amount of
cells within these scaffolds due to the higher cell viability and
higher proliferation may be the reason why more bone formed in
these scaffolds compared to the pure PPC scaffolds.

3.8 Structure of the new bone

The pore shape seems to affect the structure of the new bone
(Table 4). This was found in an in vivo study by Yu et al., where a
lamellar or cellular structure (Fig. 2f) seeded with either OPCs
or BMSCs was placed inside a bone defect.** In the lamellar
structure, cortical like bone was formed, while a bone structure
similar to trabecular bone was formed within the cellular
structure (Fig. 4).°* They also found that BMSCs promoted host
bone integration with the scaffolds, while OPCs did not.®*
The in vivo formed bone in pure HA scaffolds with an
ordered inner geometry had a lamellar structure with collagen
fibres deposited parallel to the pore wall, while the orientation
of collagen fibres and bone formation on the HA/Col scaffolds
was random.®> Active osteoblasts were still present in HA/Col
scaffolds after two months, which indicates that woven bone
was present in these scaffolds.®” Thin lining cells that control
the mineral composition of bone were covering the new bone
formed in the HA scaffolds.®® Structures with convex pores
induced in vivo formation of lamellar bone with osteoblasts
and osteoclasts, while almost no mature bone was found in
structures with concave pores.®”> This might be related to the
higher vascularity in the structures with convex pores.®*
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Fig. 4 Formation of new bone in collagen-apatite scaffolds after 4
weeks.®* C - cortical bone structure formed in structures with lamellar
structures loaded with OPCs. D — trabecular bone structure formed in
structures with a lamellar architecture loaded with OPCs.

4. Surface topography and chemistry

Surface characteristics are important for adhesion, attachment,
and spreading of cells on the surface of biomaterials.®®
In addition to the biomaterial a bone substitute is made of,
the use of surface treatments,16 addition of a silk’* or CaP
coating,"” and integration of HA particles,*>*%%%%” or HA
wiskers,”® may affect the surface roughness and can improve
the bioactivity of a porous biomaterial.>® Incorporation of CaP
coatings, such as HA particles or whiskers, are thought to
improve bone formation in porous biomaterials.>® It is thought
that due to the similarity between the composition of CaPs and
bioapatite, cells would respond in a similar way as during
natural bone remodelling.>®

4.1 Seeding efficiency

A higher surface roughness is associated with a higher surface
area” to which cells can attach during seeding. Various studies
have shown (Table 5) that the initial attachment and seeding
efficiency increases with an increased surface roughness in
Ti6Al4V'®*' and HA®? structures, or surface chemistry of PCL/
nHA porous biomaterials.>® In contrast to these findings, silk
scaffolds with an increased HA micro-particle content showed a
lower seeding efficiency despite a higher surface roughness.”®
In a study on mesoporous bioactive glass (MBG) scaffolds
(Fig. 2g) incorporated with a silk film within the pores to reduce
the surface roughness, no significant difference in seeding effi-
ciency was found.” Although a higher surface roughness increases
the surface area and would therefore be preferable for improved
seeding efficiency, contradictory results were found. It seems that a
significant difference in surface roughness may indeed increase
the seeding efficiency. However, the seeding efficiency does not
seem to be affected when there is no significant difference in
surface roughness between the compared samples.

4.2 Cell attachment and morphology

Cells adapt their morphology according to the surface topo-
graphy of porous biomaterials>***>7%% (Table 5). A higher

This journal is © The Royal Society of Chemistry 2017
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surface roughness of PCL/nHA>® and calcium phosphate (CaP)?
scaffolds elicited a more spread cell morphology, while a higher
surface roughness of PCL** and MBG’* scaffolds drove hBMSCs
to a less spread and more rounded morphology (Fig. 1e and f).
On HA,” Ti6Al4V,”" thermoplastic polyurethane (TPU),>*> and
collagen®® structures no difference in cell morphology was found.
The cells were spread on the surface of all scaffolds. These
contradictory results may imply that not only surface roughness
but also surface chemistry affect the cell morphology. The surface
properties of a biomaterial determine how well the cells can
attach to the surface, which in turn affects their morphology.

4.3 Cell proliferation

The results in Table 5 suggest that adding HA to porous
biomaterials may improve cell proliferation.?®*%°> A higher cell
proliferation rate was found on HA scaffolds with a smooth
surface®® and in scaffolds with nHA whiskers.’®*° On titanium
structures, the number of cells increased upon increasing the
surface roughness.’™® Cell attachment and proliferation were
significantly different between Ti6Al4V porous biomaterials
with an arithmetical mean roughness (R,) of 0.32 pm and
0.87 pm.°' Given this difference, it seems that hBMSCs are
sensitive to a surface roughness difference of about 0.6 pm.**
A study by Kumar et al. showed an equally good proliferation
rate on etched and unetched PCL scaffolds with R, values of
1.1 and 0.2 pm, respectively.>® Although the variation in R,
was more than 0.6 um and hBMSCs were used, the different
outcome may have been caused by different surface chemistry
or stiffness of these porous biomaterials.

4.4 Cell differentiation

While the higher surface roughness of PCL scaffolds created by
etching had no effect on the cell proliferation and caused a
more rounded morphology of the cells (Fig. 1), more osteogenic
differentiation of hBMSCs occurred®® (Table 5). A higher surface
roughness seems to improve cell differentiation on Col-HA*® and
MBG”* scaffolds while smooth surfaces tend to slow down
osteogenic differentiation. In contrast to these results, more
osteogenic differentiation was present in Ti structures with a
lower surface roughness.”® In two other studies on HA®> and
Ti6Al4V,”" where the surface roughness was significantly
different between the tested samples, no difference in osteo-
genic differentiation was found. Although cell morphology is
thought to affect the type into which cells differentiate, these
contradictory results do not seem to show this relationship.

4.5 Tissue formation and mineralization

Fixation of a porous biomaterial with bone is facilitated by
friction, mechanical interlocking, and chemical bonding.”* The
highest bond strength, mineralization, and bone formation
were found in Ti6Al4V porous biomaterials with anatase nano-
tubes compared to structures with non-bioactive nanotubes
and structures without treatment after three months of in vivo
implantation'® (Table 5). A higher bond strength can be related
to a higher surface roughness, which promotes osseointegration.>*>

This journal is © The Royal Society of Chemistry 2017
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Invivo implanted HA scaffolds with increased surface roughness
upon the addition of microporous rods contained newly formed
bone in the centre, top, and periphery of the scaffolds, while bone
was only present at the periphery of HA scaffolds without porous
rods.*® This could be explained by the presence of rhBMP-2 and
blood vessels in the centre of the scaffolds which supplied
mesenchymal stem cells.® Due to the microporous rods, more
rhBMP-2 and HA surface area was present in these scaffolds
compared to HA scaffolds without rods, bone formation was
more promoted in these scaffolds.’® A higher amount of
in vitro>>*>*” bone formation*>*° and mineralization®>***” in
scaffolds with HA particles®®*®?” seems to imply that the
addition of HA improves osteogenesis. Applying surface treatments
to bone substitutes can also change the surface chemistry and
roughness to improve mineralization. It was shown that different
surface treatments of Ti6Al4V structures change these properties.'®
In vivo apatite formation and osseointegration were the highest in
structures treated with an acid-alkali (AcAl), while anodized-heat
(AnH) treated and as-manufactured (AsM) structures showed the
lowest apatite formation.'® Although the AnH treated specimens
did not stimulate apatite formation, they had the best mechanical
stability when tested under torsion.'® This may be due to their
higher surface roughness with micropits and nanotubes on their
surface, which improved mechanical interlocking and the
mechanotransduction pathways of the cells on the surface.'

5. Structure stiffness

Biomaterials that are used for bone substitutes could be
roughly divided into three groups, i.e. metals, ceramics, and
polymers,”® with different mechanical properties. The stiffness
of metals is in general higher than the elastic modulus of bone,
while the stiffness of polymers is lower®” (Table 6). Conse-
quently, the load transfer varies and leads to different stress
and deformation patterns throughout the implant.®*

During migration, cells adhere to the surface of the porous
biomaterial and pull themselves forward.> Through their adhesions
to the surface, cells apply forces to the structure and sense the
stiffness of this structure.***® Although it is assumed that cell
attachment depends on the structure stiffness,”>* no effect of the
stiffness on the migration of cells was found in the studies evaluated.

5.1 Seeding efficiency

Not many studies investigated the effect of structural stiffness
on the seeding efficiency (Table 6). One study on the stiffness of
PDMS scaffolds found a higher seeding efficiency on the softest
structures, which decreased with increasing stiffness.”> How-
ever, on PPF scaffolds (Fig. 2e), a similar seeding efficiency was
found on structures with different stiffnesses.”’ Despite the
lack of studies on seeding efficiency and substrate stiffness,
there does not seem to be a connection between these two.

5.2 Cell viability

The structure stiffness does not seem to affect the cell viability
(Table 6) of polyacrylamide (PA) scaffolds with a stiffness in the

This journal is © The Royal Society of Chemistry 2017
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range of 0.5-26 kPa.®>°® However, a study on thermoplastic
gelatin (TG)-gel scaffolds found a lower cell viability on scaffolds
with a lower structure stiffness.’® Due to the limited and contra-
dictory results, no conclusion can be drawn on the relationship
between the substrate stiffness and cell viability.

5.3 Cell alignment and morphology

It was assumed that the structure stiffness would affect the cell
morphology, where a well-spread morphology would induce
osteogenic differentiation.>® Although differences in morphology
were found on TG-gel'®® and PA'' scaffolds with different
stiffnesses, cells on substrates with a higher stiffness were not
necessarily more spread (Table 6). A study on PA scaffolds
showed that cells were more rounded on substrates with a
stiffness of 10 and 23 kPa compared to substrates with a stiffness
of 34 kPa.'®! However, the cells were more spread on the scaffolds
with a stiffness of 34 kPa compared to the scaffolds with a
stiffness of 40 kPa.'®" In another study, cells were more rounded
on TG-gel structures with a higher stiffness compared to the
softest scaffold.'® Although the morphology of cells was different
on structures with different stiffnesses, a higher stiffness did not
necessarily lead to a more spread cell morphology.

5.4 Cell differentiation

A higher stiffness of hexafluoroisopropanol (HFIP)*® and
MBG”* scaffolds achieved by the addition of silk microfibers,
improved early hMSC differentiation into the osteogenic lineage
(Table 6). This was also observed in PPF scaffolds with a higher
stiffness due to the incorporation of diethyl fumarate (DEF).>*
In PDMS®® and PA®>®° scaffolds, the stiffest scaffolds also
showed the most osteogenic differentiation. On the PDMS
structures, either BMCs or AMSCs were seeded to see the
response of both cell types.®® This study showed that BMSCs
differentiated more into osteoblasts than AMSCs.®® In contrast
to the highest cell differentiation on the above mentioned
porous biomaterials, the most osteogenic cell differentiation
took place on the PA scaffolds with the second highest
stiffness.’®" Although there did not seem to be a relationship
between cell morphology and substrate stiffness, a higher
stiffness resulted in general in more cells that differentiated
into osteoblasts. However, as can be seen in the PA scaffolds,'**
there are some exceptions.

5.5 Tissue formation and mineralization

The implant stiffness affects integration with the host bone when
there is a clear difference in stiffness (Table 6). An increased
stiffness of MBG scaffolds promoted the in vitro formation of
apatite particles,”* which may be due to the highest amount of
osteogenic differentiation in these scaffolds.

In an in vivo study on titanium implants with two completely
different designs, a stable bone-implant interface was present.**
However, more bone was present within and around flex-cage
scaffolds as compared to the stiffer selective laser melted porous
biomaterials."* This suggests that structure stiffness values close
to the bone also promote bone ingrowth and bone-porous
biomaterial integration.
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6. Discussion and conclusion

This paper presents an overview of how cells respond to the
architecture and surface properties of porous biomaterials for
bone regeneration. We have seen that the biomaterial(s) chosen
for the bone substitute is responsible for the mechanical
properties and surface properties and determines the applic-
able manufacturing process. The manufacturing technique in
turn determines the accuracy and control over the architecture
of the bone substitute.

For metal bone substitutes, selective laser melting (SLM),
selective laser sintering (SLS)," sintering,'® perforating titanium
sheet'* and capsule-free hot isostatic pressing (CF-HIP)'® were
used. Those manufacturing techniques differ in terms of their
production accuracy. Both SLM and SLS can be used to create
complex structures'®™® with a completely controlled architecture,"*>
while porous biomaterials manufactured with CF-HIP'® and
sintering'® had a relatively simple geometry. The size and the
shape of pores between the metal powder particles can be partly
controlled and acted as the void space for tissue regeneration.'®*°
Sheet perforation was used to cut rhombic holes into a titanium
sheet which was shaped into a star."* Although the shape and size
of the holes and the geometry of the sheet can be modified,
no ‘inner’ architecture was present in these biomaterials."* The
polymer and ceramic bone substitutes evaluated in this study were
manufactured with porogen leaching,**>° freeze drying,*' 3D
printing of successive fibre/strut layers,**¢ electrospinning,®” or
gas foaming."*® 3D printing of fibre layers and electrospinning
were used to generate fibre-based constructs with a controlled
and uncontrolled architecture, respectively. It was seen that
with the other techniques, the pore size, interconnectivity and
pore shape could partly be controlled (Fig. 2). 3D printing is the
most promising manufacturing technique for load bearing
(biodegradable) metal bone substitutes because high control
over the architecture of the structures can be realized (Fig. 3).

Different studies have shown that the seeding efficiency is
mainly affected by the pore size of the porous biomaterials.
However, more than just the pore size should be taken into
account when optimizing the seeding efficiency of a structure
for bone regeneration. Although it is important to prevent cells
from aggregating at the seeding surface by making the pores
not too small, it is also important to take the tortuosity and
interconnectivity of the void space into account. Different
results would be acquired when cells are seeded onto a scaffold
with pores in which the cells can vertically fall through the
structure or when they can only reach the bottom of the implant
via tortuous pathways. Therefore, based on the tortuosity and the
interconnectivity of the void space that are created with the
manufacturing technique, a suitable pore size (>100 um) should
be chosen. For good progress of all the steps following cell seeding,
the pores should have a minimum size of 200-300 pm.

Cell aggregation should be prevented because this can
obstruct the path to the centre of the structure. Cells tend to
bridge small distances which occur in small pores, in pores
with sharp angles and in structures with randomly deposited
fibres. It was found that it takes more time for cells to reduce

10-16
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the size of the pores with wide angles or spherical pores as
compared to pores with sharp angles.'> This makes sense
because more space is available at the corners of pores with
sharp angles (triangular pores) as compared to the spherical
pores with a similar pore size. If pores are large enough, cells
align with the pore walls and form sheets, which leaves the void
space open for oxygen and nutrients to reach the inner regions
of the porous biomaterial. Because oxygen and nutrients are
vital for cells to survive and proliferate, porous biomaterials
with large pores are preferable for bone regeneration.

The alignment of cells with the walls of large pores causes
cells to synthesize a collagen matrix which is aligned with the
pore walls. This behaviour could be used to control or guide the
desired bone structure within biodegradable structures. Cells
aligned within lamellar shaped pores tend to form cortical
bone, while a trabecular bone structure could be achieved by
designing a structure with big spherical shaped pores.

Cell proliferation depends on the available surface area for
cells to multiply and may also be dependent on the surface
roughness. However, due to disparity in the results no decisive
conclusion could be drawn regarding the effects of surface
roughness on cell proliferation.

Porous biomaterials with a pore size larger than 400 pm seem
to be beneficial for angiogenesis. Blood vessels provide the cells
and nutrients needed for bone formation and grow into the porous
biomaterial through the interconnected pore network. When the
void space is clearly defined, blood vessels will grow in a controlled
way, while a random inner architecture leads to an uncontrolled
network of blood vessels. It is clear that a well vascularized
structure is important for the formation of new bone.

The addition of HA or CaP increases the surface roughness
and chemistry, thereby improving cell adhesion and promoting
a well-spread morphology. A well-spread morphology is asso-
ciated with osteogenic differentiation as shown in a study
by McBeath et al.,>® and seems to be the case in more studies.
However, it was seen that in some studies a less spread
morphology could also induce osteogenic differentiation. Cell
differentiation into osteoblasts is also promoted by structures
with an elastic modulus close to that of bone.

More new bone is found in structures with bigger pores,
a higher porosity, the addition of chitosan or HA, a higher
surface roughness, and a stiffness close to the elastic modulus
of bone. A higher surface roughness promotes mechanical
interlocking, which improves the bond strength between the
porous biomaterial and the host bone.

These findings show that different cell responses are connected
to each other. Although the seeding efficiency is well studied in
different papers, a higher seeding efficiency is not crucial for
consequent cell responses. Even though a higher seeding effi-
ciency was found in porous biomaterials with smaller pores, small
pores do not seem to be beneficial for other steps in the bone
regeneration process. Good perfusion of oxygen and nutrients is
preferable for high cell viability and proliferation, and osteogenic
differentiation and blood vessel formation are important for
the mineralization of the synthesized collagen matrix and bone
formation.
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Future research should focus on optimizing the diffusion of
oxygen and nutrients to the inner regions of a bone substitute
to promote osteogenic differentiation and the formation of
blood vessels.

This paper shows that different aspects have to be considered
when designing a porous biomaterial for bone regeneration. With
the information available, it is impossible to say what value
should be chosen for every architectural parameter to design
the ‘ideal’ porous biomaterial. Depending on the biomaterial of
the bone substitute, an appropriate porosity, pore size, and pore
shape should be chosen to make the porous biomaterial suitable
for the implantation site. By designing a tortuous void network,
the cell suspension is more guided through the scaffold which
increases the available surface and time for the cells to attach to
the surface of the porous biomaterial. It is more or less clear that
a pore size smaller than 100 um should be avoided, that pores
smaller than 200-300 um may limit cell migration and prolifera-
tion and that pores larger than 400 um are preferable for
angiogenesis.
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