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Impact of Surface Chemistry and Topography on the
Function of Antigen Presenting Cells

H.M. Rostam“, S. Singh “, N. E. Vrana, b <M. R. Alexander ¢ and A.M.
Ghaemmaghami*“

Antigen presenting cells (APCs) such as macrophages and dendritic cells (DCs) play a crucial role in
orchestrating immune responses against foreign materials. The activation status of APCs can determine
the outcome of an immune response following implantation of synthetic materials, towards either healing
or inflammation. A large range of biomaterials are used in the fabrication of implantable devices and
drug delivery systems. These materials will be in close contact with APCs and characteristics such as
surface chemistry and topography may have a critical role in initiating pro- or anti-inflammatory immune
responses. Controlling biomaterial surface attributes provides a powerful tool for modulating the
phenotype and function of immune cells with the aim of reducing detrimental pro-inflammatory
responses and promoting beneficial healing responses. In this article, we review recent literature on how
biomaterial surface topography and chemistry can modulate APC populations towards distinct pro- or
anti-inflammatory phenotypes with specific examples of how these properties can be used to control host
response in vivo. Topographical and/or chemical design of biomaterial surfaces with respect to the APC
responses can pave the way for a new generation of ‘cell instructive’ materials with immunomodulatory

properties with a wide range of clinical applications.

Introduction

Exposure of implantable biomaterials to blood can initiate acute
innate immune responses through activation of complement and
coagulation cascades as well as innate immune cells such as
monocytes and  polymorphonuclear  cells'. Preclinical
biocompatibility studies ensure that such acute responses can be
avoided. However, implants can still induce subtle inflammatory
responses that in the long term can have detrimental effects on the
function of the implant (e.g. loosening of metal implants) and cause
damage to the surrounding tissues. Antigen presenting cells (APCs),
particularly macrophages * and dendritic cells (DCs) °, play a central
role in orchestrating immune responses to foreign substances
including biomaterials *. Contact with implanted materials may
enhance inflammation by provoking macrophages to release
cytokines that cause immune responses by other immune cells such
as DCs and lymphocytes. Alternatively, some biomaterials can
change macrophage phenotype from pro-inflammatory (M1) towards
anti-inflammatory and wound healing (M2), thus improving the host
response towards biomaterials *. In addition, biomaterials may act as
adjuvants in provoking adaptive immune responses particularly by
modulating DC responses against implants °.
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Macrophages have a sensitive and rapid response against foreign
material including biomaterials that are implanted in different tissues
2. As time passes, macrophages and their aggregates, known as
foreign body giant cells (FBGCs) and multinucleated giant cells, are
recruited to the interface between the tissue and the materials °. This
sequence of events leads to a foreign body reaction (FBR), which is
the last stage of the inflammatory response to an implanted material
7. Following implantation and the initial contact with the host blood,
proteins adsorb on the implant surface according to the specific
chemical and physical properties of the surface. This in turn induces
the adhesion of monocytes and macrophages, which under the
influence of soluble mediators such as IL-4 and IL-13 released by
mast cells and later by T helper 2 (Ty2) cells, can fuse to form
FBGCs ’. Macrophages and FBGCs are the primary mediators of
FBR, inducing the infiltration and stimulation of immune cells (e.g.
lymphocytes) and stromal cells (e.g. fibroblasts) and fibrinogenesis
at the implant site (Figure 1). At the end of the FBR the implant can
be encapsulated by a fibrous capsule and cut off from the host. This
not only creates mechanical and functional problems, but for
implanted devices, such as electrodes, can mean the end of their
functional life-time.

Although macrophages and FBGCs can cause chronic inflammation
and osteolytic activity °, they also play an important role in
regeneration and healing processes via extracellular matrix (ECM)
modulation and phagocytosis (ingestion) of microbes, dead cells, and
debris as well as promoting vascularisation 2. Macrophages mediate
biodegradation of bioresorbable material and control the
differentiation, proliferation, and recruitment of other tissue cells
such as osteoblasts, fibroblasts, keratinocytes, and endothelial cells
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during the healing process . Various methods have been examined
to modulate the interaction between biomaterials surface and
macrophages to reduce inflammatory reactions % '°. In this context, it
is interesting to note that different surface topographies have been
shown to be able to induce specific cellular response in other cell
types such as mesenchymal stromal cells ''. There are many
examples of implantable biomaterials used in intraocular lenses %,
coronary stents °, degradable sutures '*, catheters '°, vascular grafts
16, prosthetic joints 7, cochlea ' and pace maker replacements ' as
well as in neuronal regeneration 2°. Also many biodegradable
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Macrophage

biomaterials have been developed for tissue engineering
applications »'. Most of the biomaterials which are widely used
clinically have been selected due to their “bio-inertness”, i.e. they
are known to induce a lesser degree of immune response. But for the
new generation of biomaterials where the remodelling is a crucial
component, control of the immune response rather than its
dampening is more appropriate. It is well-known that the topography
and chemistry of these materials has a significant influence on
cellular responses ', but this relationship is complex and still not
fully understood, especially for APCs.
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Figure 1: Different types of protein adhere to biomaterials; B2 integrin from cells can mediate cell adherence at the biomaterial surface. IL-4 and IL-13 from
mast cell and Ty2 cell stimulate macrophage aggregation and FBGC formation, which secrete primary mediators for immune cells and fibroblasts, causing

fibrogenesis and encapsulation of the implanted biomaterial.

The aim of this review is to survey the current observations of how
different surface topographies and chemistries could influence cell
behaviour, particularly in the context of innate immune responses
that are initiated by APCs such as macrophages and DCs. Better
understanding of cell-material interactions will allow the
development of new strategies for modification of implant surfaces
to modulate immune responses towards anti-inflammatory and
healing phenotypes.

Antigen Presenting Cells

The adaptive immune response depends on activation signals from
APCs 22, which include monocytes, macrophages, DCs, and B cells
2 (Figure 2). APCs are sentinels of the immune system that can
detect and capture foreign antigens in the periphery. APCs process
and present these antigens to T cells in the context of major
histocompatibility complex (MHC) molecules 2*. T cell activation by
APCs, which typically takes place in the lymph nodes, requires at
least two signals: the first signal is delivered by MHC-antigen
peptide complex that interacts with T cell receptors, and the second
signal is provided by co-stimulatory molecules such as CD80 and
CD86 that interact with CD28 on T cell surface. Depending upon the
APC’s cytokine profile and maturation status, T cells may
differentiate to different subsets with distinct functions *°.

5
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Figure 2: Different types of antigen presenting cells. Monocyte incubated for
2hrs, naive macrophage (human monocyte treated with GM-CSF for 6 days),

2 | Biomater.Sci., 2014, 00, 1-11

dendritic cell (human monocyte treated with IL-4 /GM-CSF for 6 days), B-
Lymphocyte. F-actin and cell nuclei immunostaining were performed by
Phalloidin Alexa Fluor 488 (green) and DAPI (blue) respectively. Scale bar =
25 pm.

The mononuclear phagocyte system includes a subgroup of
leukocytes that originate from myeloid progenitor cells in the bone
marrow 2°. Monocytes derived from these progenitors circulate
through blood vessels and migrate into tissues in response to pro-
inflammatory cytokines, growth factors, or microbial products *’.
Once in tissues, monocytes differentiate into DCs or macrophages *’.
Monocytes as APCs are able to uptake antigen in bone morrow or in
the blood vessels **, but compared to macrophages and particularly
DCs they have lower capability of antigen presentation and
phagocytic activity .

A number of different macrophage phenotypes with distinct
functional properties have been identified with a spectrum of
activities. The two best studied macrophage phenotypes are M1 or
classically activated macrophages and M2 or alternatively activated
macrophages. M1 macrophages have pro-inflammatory and anti-
tumour activities, while M2 macrophages have anti-inflammatory
and pro-wound healing activities *° (Figure 3). Interferon gamma
(IFN-y) (produced by T helper 1 (Tyl) cells and CD8" T cells
(adaptive immunity) or natural killer (NK) cells (innate immunity))
in the presence of microbial products such as lipopolysaccharide
(LPS) induces differentiation of M1 macrophages. On the other
hand, interlukin-4 (IL-4) and/or IL-13, which mainly originate from
Ty2 cells (adaptive immunity) *' or from polymorphonuclear cells
such as mast cells *(innate immunity), induce differentiation of M2
macrophages **. However, the classification of M2 macrophages is
made more complex by the fact that different studies have used the
term “M2 macrophage” for macrophages activated with a diverse
range of agents: e.g. immune complexes, apoptotic cells,
prostaglandins, glucocorticoids, macrophage G-protein coupled

This journal is © The Royal Society of Chemistry 2012
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receptor (GPCR) and IL-10 **. There has been an effort to
acknowledge the differences between these disparate M2
macrophages types by subdividing them into M2a, M2b, and M2c
macrophages or defining a third category of “regulatory
macrophages” *°. A recent review by a consortium of macrophage
biologists calls for standardisation of macrophage activation
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protocols and nomenclature, proposing a revised system of
nomenclature that explicitly identifies the activating agent — e.g.
M(IFN-y), M(IL-4), M(IL-10), etc. **. However, to avoid confusion,
in this review we refer to macrophages with pro or anti-
inflammatory functions as M1 or M2 respectively.
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Figure 3: Inflammatory monocytes are recruited to the injured tissue from blood vessels. Under the effect of interferon-y (IFN-y) from natural killer (NK) and
Tul cells, monocytes differentiate into pro-inflammatory M1 macrophages. M1 macrophages express reactive oxygen species (ROS) and nitric oxide (NO),
and release tumour necrosis factor (TNF), interleukin-1 (IL-1) and matrix metalloproteinases (MMPs). Thymic stromal lymphopoietin (TSLP), alarmins, IL-25
and IL-33 secretion by damaged tissue induce Ty2 cells, nuocytes, basophils and mast cells to secrete 1L-4 and IL-13, which stimulate macrophage
polarisation to M2 or regulatory phenotypes. M2 macrophages promote wound healing via secretion of soluble mediators such as platelet-derived growth
factor (PDGF), tissue inhibitor of metalloproteinases 1 (TIMP1), MMP12, transforming growth factor-B1 (TGFpB1). Regulatory macrophages express
g)srogrammed death ligand 2 (PDL2), arginase 1 (ARG1), resistin-like molecule-o (RELMa) and secrete IL-10, which contribute to the wound healing process

Since their discovery by Steinman and Cohn *’, DCs have been
shown to be the most potent APCs *. DCs are found in different
tissues in the body and monitor any signs of threat in the
microenvironment, using a host of different pathogen recognition
receptors (PRRs) *°. Typically, DC interaction with foreign antigens
leads to the maturation of DCs and their migration to the local lymph
nodes where they prime naive T cells towards distinct functional
subsets ** *'. In addition, DCs play a vital role in maintaining
tolerance towards self-antigens **.

The importance of the behaviour of distinct APC subsets and the
ability to control their polarization have garnered the attention of the
researchers in the biomaterials field **; however due to the diversity
of materials and conditions used, lack of clear definitions and
scarcity of mechanistic details, many aspects of how different
biomaterials can modulate macrophage and DC function have
remained elusive.

Effect of topography on cell function

Non-antigen presenting cells

This journal is © The Royal Society of Chemistry 2012

A variety of strategies have been used to modify the surface
topography and chemistry of biomaterials with the aim of altering
cellular response and promoting desirable cell phenotypes. Examples
of biomaterial topography modifications that have been employed to
achieve a range of cellular response changes are presented in Table
1. Collectively, these data highlight the significant impact of
topographies on behaviour of different cell types.

Some common themes that recur in bio-instructive material design
are the ability to control cell migration, attachment, proliferation,
and differentiation at an implant site. As each cell type will respond
differently to the implant surface, it may be necessary to create
multi-purpose surfaces that can influence the behaviour of multiple
cell types. The most commonly used surface topographical
properties to achieve desired effects are surface roughness and
engineered regular surface patterns. Roughness directly affects cell
adhesion and spreading through its effects on protein adsorption,
whereas regular micro, nanopatterns have important impact on cell
size, shape and overall morphology which can indirectly determine
cell differentiation and phenotype. This is particularly important for
tissues where the cell shape is tightly linked with tissue functions

Biomater.Sci., 2014, 00, 1-11 | 3
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(heart, bone, cornea etc.) **. For instance it has been shown that
disordered patterns of square arrays with nano-pits (100 nm depth)
placed randomly by up to 50nm on both axes (DSQS50) over a
150pum by 150um field could significantly promote ontogenesis in
mesenchymal stem cells (MSCs) after 21 days in culture. This was in
contrast with the effect of highly ordered arrays of square and
hexagonal surfaces that showed decreased levels of osteoprogenitor
cell density with MSCs retaining a fibroblastic morphology.
Intriguingly such DSQS50 topography had a similar efficiency on
mesenchymal osteogenesis when compared with osteogenic media
(dexamethasone) *.

4 | Biomater.Sci., 2014, 00, 1-11
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Table 1: The effect of surface topography of some biomaterials on the function of non-antigen presenting cells
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Material Surface generation method Type of surface Cell type Effect on cellular response

Poly (lactide-co- |Patterned on silicon wafers by Smooth, grooved (30 um groove with |Osteoblasts  |Microgroove topographies stimulated

glycolide)PLGA |micromachining 45 pm and 175 pm pitch ) or rough and epithelial |migration of osteoblasts while rough

membrane sandblasted-acid-etched topographies |cells sandblasted-acid-etched surfaces
copolymer inhibited epithelial cell migration and

Commercially  |Acid etched and coarsely blasted proliferation *°

pure titanium

(SLA)

Polycarbonate  |Hot-embossing using silicon master Plane surface and square offset Human Nanopits stimulated mesodermal
geometry of nanopit pattern with 120 |embryonic differentiation of hESCs with greater
nm diameter and depth of 100 nm, and [stem cells degree of efficiency than planar surface
with centre spacing of 300 nm + 50 with the same chemistry *’
nm from centre (NSq50)

Silicone Photolithography Topographical patterns of 10 pm Adult neural |-All three surface topographies reduced

elastomer width, 4 um depth and 10 um spacing, |stem cells ANSC differentiation in comparison

Polydimethyl arranged in dot-micro-pattern, with non-patterned control

siloxane circular-micro-pattern and linear- -CMP and LMP surface topography

(PDMS) micro-pattern significantly improved ANSC

differentiation to neurons **

Silicone Etched in a 20% aqueous solution of Micro-scaled pyramid surfaces, root |Endothelial |Microscaled pyramids eliminated

elastomer potassium hydroxide mean square (RMS) roughness, of ~ 7, |cells endothelial cell migration and adhesion

PDMS 80, and 420 nm and with height of ~ in comparison with nano-scaled
50, 400, and 1900 nm, respectively topography *’

Anodized Oxidation Nanoporous PDMS (140 nm in Hepatic cells |-Hepatic cell migration speed on

alumina diameter), nanoporous anodized nanoporous surfaces was significantly

membrane alumina membrane (AAM) (140 nm in higher than on flat surfaces

(AAM) diameter), and microgrooves - Nanoporous AAM and PDMS induced
patterned PDMS (10 um, 30 pm, and formation of spherical cells. PDMS

Silicone Micro-contact printing technique 50 um in width, and 2 pm in depth) microgrooves however stir;l)ulated the

elastomer PDMS cells to become elongated

Polyurethane X-ray lithography 1.4 um ridge width, 0.4 pm groove, or|Rabbit 1.4 um topography reduced
4 pm, pitch (ridge width+ groove ), coronial myofibroblast in comparison with other
with 0.3 um groove depth fibroblasts topographies and planar surface *'

Polymethylmeth |Electron beam lithography followed by 120 nm, diameter;100 nm, depth with |Stem and 120 nm pits, square array disordered

acrylate nickel die fabrication and then hot space of 300 nm centre—centre with  |progenitor with 50 nm offset in pit placement

(PMMA) embossing five different array arrangement: mesenchymal |stimulates osteogenesis from stem and
square; hexagonal array; square array |cells progenitor mesenchymal cell **
disordered with 50 nm offset in pit
placement; 20 nm, and 150 nm

PMMA Electron beam lithography 120 nm, diameter;100 nm deep with |Human Absolute square lattice symmetry
space of 300 nm centre—centre two mesenchymal |maintained mesenchymal stem cell
different array arrangement, absolute |cells phenotype for 8 weeks and kept the cell
square lattice symmetry, and square multipotency for 28 days *
array disordered with 50 nm offset in
pit placement

Collagen Photolithography and chemical etching of |Micropatterned collagen films with Human Obtainment of keratocyte alignment

scaffold Silicon template followed by pouring a microchannels of 39 um groove depth, |primary with the micropatterns, improved

Poly(dimethylsiloxane)(PDMS) 8 um groove width and 3.3 um ridge |corneal transparency in keratocyte seeded,
prepolymer— catalyst mixture onto the width. fibroblasts micropatterned films compared to
silicon wafer and then collagen solution (Keratocytes) |patterned films

was poured onto a patterned PDMS

Nanosheet NaOH to form TNSs coated Titanium With surface roughness (RA) ~48 nm |Rat bone NaOH treated TNSs has stimulated

surface structure |alloy marrow RBM to increase osteogenesis, cell

of titanium (RBM) cells |adhesion -proliferation, mineralization

alloys osteocalcin deposition, and alkaline

This journal is © The Royal Society of Chemistry 2013
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phosphatase activity in comparison with
smooth untreated TNS **

Silicon scaffolds [Silicon scaffolds etched in hydrofluoric With pore diameter of ~36 nm Human dental |Stimulated the formation of lateral
acid (HF) solution in ethanol then oxidised pulp stem filopodia protruding from the DPSC
at 800 C* for one hour cells (DPSC) |cell body
Gallium nitride |-GaN film grown on Non treated with RA of ~3.4 nm Rat Roughness has stimulated cell adhesion
(GaN) film c-plane sapphire by metalorganic chemical |,polished ~ 10nm, etched nanoporous [pheochromo |and differentiation in neurotypic cells **
vapor deposition ~13 nm and GaN NW surfaces ytoma (PC12)
-mechanically polished expressed as nano-pillars with cells
-Porous substrates were generated by diameter of ~ 100nm

electroless wet chemical etch
-GaN nano wire (NW) nitrogen plasma
etched

6 | Biomater.Sci., 2014, 00, 1-11 This journal is © The Royal Society of Chemistry 2012
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Table 2: The impact of some surface topographies on macrophage function

Page 8 of 20

Material Surface generation method  Surface topography Cell polarisation Secretion Prolif|Adhesion
eratio
n
Perfluoropolyether  |Replica molding from silicon {Microgrooves with 10 pm width and 5 |27E10+ macrophage Pro-inflammatory No [Nodata ™
(PFPE) masters pum height (M1 marker) 1 mediators 1 data
microstructures Cylindrical pillars with 20 um height CD163+ macrophage Anti-inflammatory No |Nodata™’
and diameter (M2 marker) 1 mediators 1 data
Hydrogel Electrospinning of nanofibres [2D planar PLGA surface of nanofibrous |{CD163+ macrophaget |Pro-inflammatory No |17
meshes with or without the bioactive cytokines 1 data
peptide sequences GRGDS or GLF
3D network of nanofibrous meshes of ~ [27E10+ macrophage 1  |Pro-angiogenic No [
hydrogel modified PLGA with or chemokines 1 data
without the bioactive peptide sequences
GRGDS or GLF
Poly (2-hydroxyethyl |Spherical pore network Cellular scaffold with pore diameter of |Mannose receptor (MR) |Angiogenesis 1 No |No data®
methacrylate-co- interconnected by channel 30-40 pm (M2 marker) 1 Fibrotic response data
methacrylic acid) walls were formed by
hydrogel scaffolds  |microsphere templating
-Parallel channels formed by
polymer fibre templating
Polydioxanone Electrospinning Fibre diameter 0.35 pm, and pore radius | Arginase 1 (M2 marker) |Angiogenic cytokines [No |No data ®
(PDO) scaffold of 0.6 pm l VEGF, TGF-bl and  |data
Nitric oxide synthase bFGF |
(M1 marker) 1
Fibre diameter 2.8 um, and pore radius | Arginase 1 (M2 marker) |Angiogenic cytokines [No |No data ®
14.73 um 1 VEGF, TGF-B1 and |data
Nitric oxide synthase bFGF 1
(M1 marker) |
Lines of fibronectin |Microcontact printing using |Micropattern groove with width of 20 |arginase-1 1 IFN-y | No [Nodata®
PDMS stamps pm IL-4and IL-131 data
Micropattern groove with width of 50  |Non-significant (NS) NS No [No data®
pm data
Non patterned
Epoxy Impressions of commercial ~ |Epoxy impresions surface with average |Arginase 1 (NS) -M1 chemokines IFN- [No |No data *
sandblasted and acid etched  |roughness of 4.33 um Nitric oxide synthase y-induced protein 10  |data
pf)lished titanium. topf)graphy (NS) (IP-10)|
disks were made in vinyl
polysiloxane, then these -Monocyté .
impressions were filled with chemotactic protein-1
epoxy resin (MCP-1) 1
-Macrophage
inflammatory protein-
lo (MIP-10) 1
Smooth polished epoxy Arginase 1 (NS) IP-10 1, MCP-1 |, No |No data
Nitric oxide synthase MIP-1a | data
(NS)
Electrospun poly (L- |Electrospinning Microfibres ~1.5 um diameter , aligned |No data Nanofibres | pro- No |1 Aligned
lactic) (PLLA) and random microfibers, aligned inflammatory data |micro and
scaffolds nanofibres, and random nanofibers with cytokines and nanofibres
diameter of ~ 0.5 pm chemokines in in
comparison with comparison
microfibres with
random
micro and
nanofibres

8 | Biomater.Sci., 2014, 00, 1-11
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Polyvinylidene Laser ablation Dome-like microstructure topographies, |t CD163 and 27E10 1 Pro-inflammatory ~ |[No  [No data ®
fluoride (PVDF) 1.8 um height and about 10 um diameter |expression in cytokines in data
fluoropolymer with spacing of 30 pm centre-to-centre  |microstructure comparison with
Nano-powdered alumina Nanostructure with roughness ~100nm topographies when nanostructure
and high of 250nm compared with topographies
nanostructures
Epoxy Impressions of commercial [Mechanically polished with Roughness|No data PO and CB stimulated |[No [PO>
sandblasted and acid etched, |values RA of 0.06 pm the cells to 1 IL-1B data ESB> E>SLA
gggés_};tejh;zagfagilzied and coarse sand blasted , with RA ~ 5 pm, secretion followed by
. E and then SLA
topography disks were made (acid-etched, with average RA of 0.58
in vinyl polysiloxane, then m
these impressions were filled
with epoxy resin Sandblasted and acid etched surfaces
with average RA 4.33 pm
Epoxy-resin replica |Impressions of commercial |Sandblasted and acid etched epoxy| No data -SLA Stimulated No [NS*®
surfaces sandblasted and acid etched  |surface with average roughness of 4.33 macrophage to data
pf)lished titanium topography um spherical phenotype
dlSk.S were que : -PO changed the
in vinyl polysiloxane, then ~ |Smooth polished epoxy &
these impressions were filled macrophage shape
with epoxy resin from spherical to well
spread
Expanded Obtained from Biaxially- ePTFE microgroove with intranodal Cell spreading on 4.4um-|4.4 um-ePTFE No |44 pm-
polytetrafluoroethyle |expanded PTFE distances of ~ 4.4 ePTFE < flat PTFE film |stimulated the 1 pro- |data |ePTFE 1
ne (ePTFE) polymer |[filter size 3 pm inflammatory cytokine cell
(IL-1B) secretion adhesion in
when compared with comparison
flat PTFE film with flat
PTFE film
67
ePTFE Obtained from Biaxially- ePTFE microgroove with intranodal After subcutaneously 4.4 um-ePTFE No |No data
expanded PTFE filter size 3 |distances of ~ 4.4 implanting PTFE in mice |stimulated IL-1p 1 data
um for 4 weeks IL-6, TNF-o, MCP-1,
Capsule thlckpess of44 |.nd macrophage
um-ePTFE | in inflammatory protein
caparison with flat PTFE 1-B 1 in comparison
film with flat PTFE film
Zn0O Solution-based hydrothermal |Nanorods approximately 50 nm in Nanorod ZnO reduced  |No data No |Nanorod
growth diameter and about 500 nm height with |Cell viability when data |ZnO | cell
RA of 31 nm and flat ZnO compared with flat ZnO adhesion in
comparison
with flat
Zn0’
Tantalum oxide Anode aluminium oxide Nanodot arrays; 10 nm and 50 nm Cell spread (NS) No |50nm
nanodot arrays processing diameter and height with dot-to-dot 50nm>100nm>200nm data |nanodot
distance of ~20 nm and 60 nm, array 1 cell
respectively. adhesion in
Nanodot; 100 nm and 200 nm diameter, comparison
height of ~100 and 150 nm, respectively with other
and with dot-to-dot distance of ~110 nm nanodot
69
and 190 nm, respectively. arrays
Carbon nanotubes  |Glass coated with PCU CNT coating on polymer with widths of |No data No data 1 1
(CNT) on followed by coating with Cu {30 ym, 60 um and 100pum
polycarbonate grids arranged in spacing
urethane (PCU) distance of 30 pm, 60 pm and
polymer 100pm. Inter Cu grid spaces

This journal is © The Royal Society of Chemistry 2012
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were coated with CNT
solution. Cu grid were
removed to form CNT array
on PCU

10 | Biomater.Sci., 2014, 00, 1-11 This journal is © The Royal Society of Chemistry 2012
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The topography of biomaterials has a critical effect on macrophage
activity. Studies describing the effect of biomaterial topography on
macrophages are tabulated in Table 2.

Microstructures have been shown to have significant effects on
macrophage phenotype. Recently, 20 um wide lines of fibronectin
but not 50 pm wide lines (printed on a PDMS surface) were shown
to induce elongation of mouse bone marrow—derived
macrophages (BMDMs) and promote their differentiation towards
M2 phenotype in vitro ®'. However, a similar study with human
macrophages where human monocytes were seeded on
perfluoropolyether microstructures with the same surface chemistry
but different topographies for 7 days showed M1 and M2
polarisation in responses to a different set of topographies®’. It was
observed that the surfaces with regular microgrooves of 10 um width
and 5 pum height induced M1 macrophages. In contrast, M2
macrophages were induced by cylindrical pillars (not grooves) with
height and diameter of 20 um and with inter-pillar distance of 70
pm. Smaller pillars with a height and diameter of 3 pm and 6 pum
inter-pillar distance resulted in macrophages secreting pro-
inflammatory cytokines more than the same size pillars but with 23
pum distance between them 7 (Figure 4). In another study,
polyvinylidene fluoride (PVDF) with dome-like microstructure
topographies, 1.8 pm height and about 10 um diameter, were shown
to significantly promote production of pro-inflammatory cytokines
by human macrophages in comparison with randomly nano-textured
surface (roughness >100 nm and height average 250 nm) and smooth
surface of same chemistry after 7 days of incubation ®. These
observations show the importance of surface feature dimensions for
the control of macrophage responses. They also demonstrate that
macrophage responses will vary depending upon the species from
which the cells are derived, the substrate used for fabrication of
microstructures as well as the dimensions of the microstructures.

This journal is © The Royal Society of Chemistry 2013
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Figure 4: Macrophages on day 7 of culture on different surface topographies.
(A-E) PFPE; (F) PVDF. (A) Lines; (B) large posts; (C) more widely
separated small posts; (D) more closely packed small posts; (E) smooth
PFPE; (F) smooth PVDF. Bar = 30 um. Figure taken from reference *’.

The effect of substrate depth and porosity on macrophage behaviour
is another parameter that has been studied by various researchers.
Bartneck et al focused on the effect of 3D porous structures vs 2D
flat structures on human macrophage phenotypes in vitro by using a
3D network of PLGA nanofibrous mesh and 2D planar surfaces both with
the same hydrogel surface chemistries. They found that the 2D flat
surfaces caused an increase in the expression of CD163+ (an M2
marker) on macrophages. Surprisingly, this was accompanied by
secretion of pro-inflammatory cytokines %, which is considered
unusual for anti-inflammatory (i.e. M2) macrophages ' "% 1In
contrast, 3D hydrogel modified PLGA meshes elicited expression of
MRP8/14 (27E10 antigen) (an M1 Marker) on macrophages, with a
considerable increase in pro-angiogenic chemokine secretion but a
decline in pro-inflammatory cytokine secretion **. These results
suggest that utilisation of a single marker for assessing macrophage
phenotype could lead to erroneous conclusions. Further, it indicates
that macrophage responses to biomaterial surfaces are complex and
could generate mixed functional phenotypes.

Yet in another study, where poly (2-hydroxyethyl methacrylate-co-
methacrylic acid) hydrogel scaffolds were used, it was shown that
scaffolds with 30-40 pum micropores enhanced human M2
macrophage activation in  vitro *°. In addition, human

J. Name., 2013, 00, 1-11 | 11
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monocytes/macrophages have been seeded on
Polytetrafluoroethylene (PTFE) biomaterial with different surface
topography, 4.4 pm intranodal distance 4.4 um- expanded PTFE
(ePTFE), 3.0 um-ePTFE, 1.2 um-ePTFE and flat PTFE film. A
higher amount of pro-inflammatory cytokine interleukin 1 beta (IL-
1B) secretion was found on 4.4 um-ePTFE surface topography in
comparison with flat PTFE film ®’. Furthermore, in a similar study,
Bota et al, cultured human monocytes/macrophages on the same
materials namely ePTFE with different surface topographies . They
too observed that 4.4 pm-ePTFE surface stimulates macrophages to
secrete 15-fold more IL-1B than np-PTFE surface. On the other
hand, 1.2 um-ePTFE and 3.0 pum-ePTFE surfaces resulted in
macrophages secreting an intermediate level of IL-1B. In addition,
they found a thinner fibrous capsule by subcutaneous implantation in
mice from 4.4 um-ePTFE surface than flat PTFE film .

Micro and nanofibres from different materials are widely used for
tissue engineering applications and fibre diameter has been shown to
influence immune responses. Garg et al cultured mouse bone
marrow-derived macrophages (BMDMs) on Polydioxanone (PDO)
with fibre diameter of 0.35 um, 2.2 um, and 2.8 pm and intra fibre
pores with radii of about 1 um, 11 um and 15 pm respectively .
The study showed a correlation between increase in fibre diameter /
pore size and up-regulation of arginase 1 (a M2 marker) and down-
regulation of the expression of a M1 marker (nitric oxide synthase).
They also found the effect of pore size was more significant than
fibre diameter in terms of BMDM polarisation . Fibre diameter
and alignment in electrospun poly (L-lactic) (PLLA) scaffolds have
also been shown to have a significant effect on secretion of
inflammatory cytokines by mouse macrophages (RAW 264.7 cell
line) at 24 h and 7 days. Macrophages were cultured on four
different types of PLLA fibrous scaffold namely aligned microfibres
~1.5 pm diameter, random microfibres ~1.5 pum diameter, aligned
nanofibres ~0.5 pum diameter, and random nanofibres ~0.5 pm
diameter. Data suggested that the fibre diameter particularly for
nanofibrous PLLA, both aligned and random, significantly increased
the secretion of pro-inflammatory cytokines and chemokines .

Roughness is another important parameter of implant interface,
particularly for metallic implant materials. In particular for bone
facing implants increase in roughness generally corresponds to an
improved behaviour for osteoblasts and mesenchymal stem cells .
Thus, it is necessary to assess the effects of changes in roughness on
immune cells. An in vitro study has demonstrated the impact of two
different surface topographies of epoxy on RAW 264.7 macrophage
phenotype, polished (Po) and sandblasted-acid etched (SLA) with
replica surfaces of average roughness of 0.06 and 4.33 pm
respectively. Rough SLA surface was shown to reduce Ml
chemokine IFN-y-induced protein 10 (IP-10), but increase monocyte
chemotactic protein-1 (MCP-1), and macrophage inflammatory
protein-1a. (MIP-1a) 2. Moreover, other researchers hypothesised
that changes in surface topography could influence NFyB signalling
in macrophages leading to a change in pro-inflammatory cytokines
(e.g. IL-1PB) secretion. To assess this possibility they used four
different epoxy surface topographies from titanium disc;
mechanically polished (PO) with Roughness values (R,) of 0.06 um,
coarse sand blasted (CB) R, ~ 5 um, acid etched (AE) R, 0.58 pum,
and sandblasted and acid etched (SLA) R, 4.33 um. They found
that PO and CB surface have the highest impact on murine
macrophages and promoted IL-1P secretion followed by AE and
SLA respectively ®. A study by Salthouse et al, on the other hand,
examined the effect of surface shape and roughness on macrophages
and showed a strong correlation between smooth implanted surfaces
without physical acute angles and enhanced tissue compatibility ™.
However, the same study showed that the adhesion of macrophages
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and giant cells to rough surfaces increased chronic granulomatous
reaction 7,

The effect of surface topography on macrophages is significant at the
nanoscale too. Surface topography of ZnO nanorods with
approximately 50 nm diameter, 500 nm height and roughness value
of 31 nm was shown to lead to a significant decline in mice bone
marrow-derived macrophage adherence in comparison with ordinary
flat ZnO and glass °. The function and behaviour of macrophages
and foam cells (cells differentiate from macrophages filled with fat
that play a crucial role in thermogenesis ") can be modulated
depending upon nanotopography in the absence of bioactive agents.
This was demonstrated by Mohiuddin et a/, who examined nanodot
arrays (10-200 nm) to assess the function and growth of
macrophages and foam cells, and found that the area of cell adhesion
in macrophages increased with 10-50 nm nanodot arrays by about
two folds, but decreased with 100-200 nm nanodot by nearly a
quarter in comparison with a flat surface. Similar results were
observed with foam cells too ®. Same effect was observed by
seeding murine macrophages on polycarbonate urethane imprinted
with carbon nanotubes (30 um, 60 um and 100 pm width) when
compared with flat polycarbonate urethane surface "°. They found a
decrease in macrophage adhesion and proliferation on aligned
regions of carbon nanotubes by about three fold after 24 hours and
twice after four days of incubation in comparison with polycarbonate
urethane surface.

Thus, it can be concluded that surface attributes such as roughness,
porosity, presence and type of micro and nano-structures and
presence and scale of fibres have profound effects on macrophage
phenotype and function. However, these effects are complex and the
combination of features promoting either pro or anti-inflammatory
macrophage phenotypes are yet be fully elucidated. Nevertheless,
data from various studies indicate that biomaterial-stimulated
macrophages do not seem to adopt clear-cut M1 or M2 phenotypes,
but rather intermediate phenotypes exhibiting some characteristics
associated with each of these activation states. This is not surprising
given that macrophages are extremely plastic cells that can assume a
wide spectrum of activation states and respond to subtle
microenvironmental changes Therefore, when assessing macrophage
responses to biomaterials, it is important not to depend upon a single
marker or very narrow set of markers to determine macrophage
activation, but rather to complement phenotypical analyses with
functional analyses that will be relevant to the intended application
of the biomaterial.

Dendpritic Cells

Compared to macrophages the effect of surface topography on
human DC function is less studied. Nevertheless, existing data
clearly shows that the surface characteristics of biomaterials could
influence DC function. For example Kou et al. have investigated this
by using different topographies of clinical grade titanium available
commercially for dental implants. Investigated topographies in these
studies include smooth pre-acid etched treatment (PT), rough sand
blasted and acid etched (SLA), and modified SLA (modSLA) which
has same roughness of SLA but includes carbonate and
hydrocarbonates groups. PT and SLA surfaces stimulated the
maturation of DCs as evidenced by expression of higher amounts of
CD86 (co-stimulatory molecule and DC maturation marker) and pro-
inflammatory cytokines compared to immature DC controls. By
contrast, the modSLA surface maintained DCs in a non-
inflammatory, immature state, where expression of CD86 was
similar to that of immature DC controls 7.

This journal is © The Royal Society of Chemistry 2012
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In other experiments, Kou et al. used a library of 2,176 different
topographies fabricated on a chip 7’ to investigate their effect on

human DC-like cells. However, they did not observe any

Biomaterials Science

reproducible changes in DC-like cells in response to different

patterns on the chip ’

Effect of surface chemistry on cell function

8

Non-antigen presenting cells

Different aspects of cell adhesion, differentiation, proliferation, and
migration can be influenced extensively by the physical and
chemical properties of biomaterial surfaces .

Table 3 summarises examples of how the function/phenotype of
different cell types can be modulated through changes in the surface

chemistry where the main set of effects are the chemical groups

available on the surface layer and the wettability of the surfaces.
Different cell types show different tendencies towards their
interaction with the surface wettability and chemical groups, which

can be exploited to control their behaviour.

Table 3: The impact of surface chemistry on non-antigen presenting cells

Material Sample generation method Surface chemistry Cell type Effect on cellular response

Poly(ethylene glycol) |Photoinitiated mixed-mode -PEG gel + enzymatically cleavable RGD  |Human RGD-releasing gels induced

(PEG) hydrogel thiol-acrylate were used to (arginine-lysine-aspartic acid) peptides mesenchymal  |chondrogenesis of encapsulated

incorporate peptide sequences |-PEG gel +un-cleavable RGD peptide stem cells hMSCs in comparison with persist
into the PEG macromer (hMSCs) PEG gel ¥
networks
Poly(ethylene glycol) |The action of the thiol group on |Poly(ethylene glycol) hydrogels conjugated |Human neural |The short peptide stimulated
(PEG) hydrogels peptides at the ends of a with short peptide sequence: Ac-Cys-Cys-  |stem/progenitor |attachment, proliferation of hNSCs,
Polyethylene glycol tetra- Arg-Arg-lle-Lys-Val-Ala-Val-Trp-Leu-Cys | q15 (hNSCs) and enhanced the differentiation of
acrylate, conjugates laminine them into neurons ®!
Ile-Lys-Val-Ala-Val peptide
and different concentrations of
the synthesized peptide to PEG
hydrogels
Alkanethiolates Thiol self-assembly Functional groups such as CH;, COOH, OH, |Human adipose |-NH, surface was the most and CHj
monolayer on gold NH,, SH, Br and Phenyl. stem cells surface was the least stimulatory of
(hASCs) the growth rate among the surfaces.
-Br surface caused adipogenic
differentiation of HASCs.
-NH; promoted osteogenic
differentiation, while SH and phenyl
surfaces induced chondrogenic
differentiation .

Silicon (Si) Plasma polymerisation Si coated with octadiene (OD ) plasma Mouse Maximal attachment of ES and
polymer, followed by coating with acrylic embryonic number of ES colony was higher in
acid (AA) plasma polymer and the final stem(ES) cell  |AA —plasma- rich end and decreased
coating with diethylene glycol dimethyl ether gradually toward DG-plasma rich end
(DG) plasma polymer gradient layer. 8

Glass Plasma polymerisation -Uniform samples of hexane with WCA® of |Embryonic rat |- By decreasing of hydrophobicity on
10,17,34,42,63,71,80,98 hippocampal all samples, the cell adhesion, average
-Linear gradient of Hexane, with WCA”® neurons length of cell process and cell process
escalated from 35 in one end to 90 in other number was decreased
end -Gradients induced the increase of cell
-Radial gradient, with WCA”® of about 90 in density and average process length in
centre area and decreased gradually to about comparison with uniform samples
WCA® of 55 in the edge of the gradient with similar wettability %

Polystyrene Oxygen plasma etching Hydrophilic tissue culture polystyrene (TCP) |Corneal Hydrophilic TCP surfaces enhanced
Hydrophobic (unmodified polystyrene) epithelial cells  |cell attachment %

Gold, chromium,

Physical vapour

Gold, chromium, zirconium, titanium,

Primary human

All surfaces had a little modulatory

zirconium, titanium, deposition sputter coating of  |tantalum and niobium osteoblasts effect on cell differentiation, viability,

tantalum and niobium |titanium and gene expression .

Polystyrene Super-hydrophobic surfaces Super-hydrophilic Myoblasts Super-hydrophilic can influence
achieved using one phase Super-hydrophobic protein adsorption and myoblast
separation methodology differentiation®’

Super-hydrophobic surfaces
achieved using Argon plasma

Polystyrene Ultra-violet Ozone (UVO) UV/Ozone treatment treated for 20 s. Chinese The attachment of CHO cell on treated
modification Hamster PS with UV/Ozone was significantly

Ovarian (CHO) |higher than no-treated PS after 24 and
cells 48 h of incubation **

This journal is © The Royal Society of Chemistry 2012
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Silicon wafers

SiOx plasma coating

Range of Hydrophilic (WCA’~ 26) to
hydrophobic (WCA® ~98.)

Vascular
endothelial cell
(EC)

Wettability had opposite effect on cell
adhesion/migration of Vascular
endothelial cell (EC) when they
observed that hydrophilic surfaces
enhanced cell adhesion but inhabited
cell migration and vice versa *

Polymers with
graduated amine-

hydrocarbon chemistry

Micro-patterns were achieved
by hot embossing against a
silicon master.

Surface chemistry modification
was obtained by plasma
polymer coating.

Surface chemistry combined with series of
microgrooves ( width scaled from 5-95um
and with a depth of 3.4 pm) orthogonally

Primary neurons
And radial glia

-Mid-range wettability in grooved
surfaces (width 5-10 um) caused
axonal alignment.

-Radial glia cells were found to prefer
extreme hydrophilic and hydrophobic
;:Ohemistry in groove width of 6-35 pm

Polymer chemical Micro-patterns were formed by |Parallel grooves with widths scaled from NIH 3T3 -Cells aligned with grooves and
gradients hot embossing against a silicon |Spm to 95pm, each groove combined with  |fibroblasts coverage increased at WCA® 68 —76,
master. WCA® varying from 55-95 groove width 40-60 um area
Surface chemistry modification |(Chemistry=amine-hydrocarbon) -Surface wettability influences
was achieved by plasma fibroblast coverage more than groove
polymer coating widths !

Silicon (Si) Ultrafast laser structuring Gradient dual-scale roughness at micro- and |NIH 3T3 Small ratios of roughness enhanced
the nano-scale combined with different fibroblasts cell adhesion independently of surface
wettability chemistry but change of surface

wettability by silanization to super-
hydrophobic and oxidization to super-
hydrophilic for the same degree of
roughness affected cell adhesion *.

PDMS Oxygen plasma etching of 0.5 [PDMS gradient with WCA® escalated from ~ [NIH 3T3, There was a significant correlation

mm thick layer of PDMS 10° to 100° mouse between hydrophobicity and cell
generated on glass slide then embryonic spreading
coated with hydrophobic fibroblast

alkylsilane monolayers then
every 2 mm wide exposed for
ultraviolet ozone (UVO)
oxidation, by the decreasing of
exposure time a gradient has
been made

Antigen presenting cells

Macrophages

The impact of surface chemistry on macrophage phenotype and
function has been investigated by different groups (Table 4).

Table 4: The effect of surface chemistry on macrophage function

14 | Biomater.Sci., 2014, 00, 1-11
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Material Sample generation method Surface chemistry Cell source Effect on cellular function
Polymer Polyethylene terephthalate film [PET coated with BDEDTC (WCA® ~70) and Human Polyacrylamide (PAAm) enhanced
(Mylarl, PET) is coated with  [polymerised with: monocytes adherent cells to:
poly(styrene-co-benzyl N,N-  |-Polyacrylamide (PAAm) WCA® ~46+12 Anti-inflammatory cytokine IL-10 1
dimethyldithiocarbamate) -Sodium salt of acrylic acid, (AANa) WCA® ~24 Pro-inflammatory cytokines IL-1p and
(BDEDTC) -Methyl iodide salt of N-[3- 1IL-6 |
(dimethylamino)propyl] acrylamide, Cell adherence density | **
(DMAPAAmMel) WCA ~31°
Modified silicon |Polymer films were prepared by |Polycarbonate urethane (Bionate® 80A with Human Hydrophobic PDMS stimulated
extrusion WCA® ~62) monocytes spreading of adherent macrophage |
Silastic BioMedical PDMS film with Advancing Contact Angle of By adding IL',4’ mannose receptor
Grade ETR Elastomer Q7-4765 120 °© (MR) express109151 1 in comparisen
Bionate® 80A ™.
Polyethylene Photograft copolymerization  |PET coated with: Human -Hydrophilic and Anionic surface +
terephthalate -Poly(benzyl N,N-diethyldithiocarbamateco- monocytes IL-4 stimulated 1 Anti-inflammatory
(PET) styrene) (BDEDTC) (hydrophobic) cytokine (IL-10) and cell adhesion
-Polyacrylamide (PAAm) (hydrophilic) -Cationic surface caused | IL-10
-Sodium salt of poly(acrylic acid) (PAANa) and cell adhesion *
(anionic)
-Methiodide of poly(dimethylaminopropyl-
acrylamide)
(DMAPAAmMel), (cationic)
Polyurethane Modified Polyurethane with Polyurethane modified with Fluorocarbon SMEs, [Human -Fluorocarbon SMEs and PEO SME
polymer films  |hard segment of 4,4’-methylene [Polyethylene oxide (PEO)SMEs, or monocytes did not affect cell adhesion, fusion and
bissphenyl diisocyanate(MDI) |Poly(dimethylsiloxane)(PDMS) co-soft segment apoptosis
extended with butanediol(BD) |and SMEs -Silicon modification 1 cell adhesion
with polytetramethylen oxide and apoptosis 7
soft segment/+PDMS
Poly-DL-lactide- |Coating -PLGA+ hydroxyapatite (HA) RAW 264.7 -PLGA surfaces stimulated
co-glycolide - PLGA + tricalcium phosphate(TCP) murine multinucleated giant cells (MNGCs)
(PLGA) thin macrophage cell |formation
film line - PLGA films was degraded by
macrophage and MNGCs **
Gold Gold nanoparticles formed by |15, 30, 60, and 90 nm gold nanoparticles coated |J774A.1 murine |-In serum independent media
nanoparticles citrate reduction and seed with 0, 0.16, 0.32, 0.48, 0.64, 0.80, 1.12, and 10 |macrophage cell |macrophage uptake of nanoparticle
mediated growth PEG/nm’ line increased with increasing of size of
particles and PEG density.
-In serum dependent media, there
was a decrease of macrophage uptake,
amount and types of protein
adsorption with the increasing of PEG
density
Polyurethane D-PHI film preparation were  |-D-PHI coated and non-coated with collagen Human -Collagen coated D-PHI and TCPS
formed by combining divinyl  |-Tissue culture polystyrene (TCPS) coated and  |monocyte had more DNA than the uncoated
oligomer (DVO),methyl non-coated with collagen TCPS after 7days
methacrylate (MMA) and -There was more esterase activity for
methacrylic acid (MAA) cells on TCPS than D-PHI (+collagen)
after 7 days
-D-PHI stimulated the decrease of
pro-inflammatory cytokines (TNF-a,
high mobility group box 1 protein
(HMGBI) and IL-18 )and the
increase of anti-inflammatory IL-10
secretion over time when compared to
TCPS '
Arginine- RGD, VN, and Chitosan (CH) |- RGD Human - CH stimulated macrophage
glycine-aspartate |dissolved in phosphate-buffered |- CH monocytes adhesion and FBGC formation
(RGD) saline containing calcium and  |-VN - Unmodified and Carboxylated
Vitronectin (VN)|magnesium and then adsorbed |- Carboxylated Polystyrene (PS) stimulated

This journal is © The Royal Society of Chemistry 2013
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CH coated
Polystyrene

in to 24-well polystyrene
culture plates

-Unmodified PS

macrophage adhesion but inhibited
FBGC formation

- RGD, CH and VN adsorbed surfaces
stimulated (CD147, CD98 , CD206
and CD13) expression '"!
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In vitro, neutrally charged (not cationic or anionic) and hydrophilic
polyacrylamide (PAAm) surfaces have been shown to induce
minimal pro-inflammatory changes in human macrophages including
FBGC formation®. In addition, such surfaces cause an increase in
the production of the anti-inflammatory cytokine IL-10 and a
decrease in the production of pro-inflammatory cytokines IL-1f and
IL-6, in adherent macrophages after 10 days of incubation. In a
similar study McBane ef al, observed that degradable polar
hydrophobic ionic polyurethane (D-PHI) surface, affected human
monocyte-derived macrophages (MDM) by inducing a decrease in
the level of pro-inflammatory cytokines (TNF-o, IL-1f and
HMGBI1) and increase in anti-inflammatory cytokine, IL-10 in
comparison with tissue culture polystyrene '®. Similarly, in another
study by Schutte ef al., human monocytes/macrophages were seeded

on different surface chemistries: polyurethane, polyethylene,
polymethyl, expanded  polytetrafluoroethylene, 1-vinyl-2-
pyrrolidinone, a hydrogel copolymer of 2-hydroxyethyl

methacrylate, and polyethylene glycol acrylate in tissue culture
polystyrene plates. IL-1p, IL-1ra, IL-6, IL-8, IL-10, TNF-a, MCP-1,
MIP-1a, and VEGF were measured at different stages and overall
they observed an increase in chemokines, cytokines, and growth
factors, as an indicator of monocyte differentiation to macrophages
with pro-inflammatory cytokines up-regulated. Surprisingly,
production of cytokines was only slightly affected by different
surface chemistries %2,

Dadsetan et al., showed a significant effect of hydrophobic (WCA®
~120) PDMS film on protein adsorption and reduction of human
macrophage adhesion . In contrast, in similar research by Jones et
al., they found that the number of adherent cells on polyacrylamide
hydrophilic and neutrally charged surfaces was decreased in
comparison with hydrophobic surfaces * which was accompanied by
a phenotypic switch from pro-inflammatory to anti-inflammatory
phenotype where adherent cells showed an increase in anti-
inflammatory (i.e., IL-10) and decrease in pro-inflammatory (i.e., IL-
1B and IL-6) cytokine production over time. In another study,
researchers examined responses of human macrophages and
monocytes to two surfaces with terminal methyl group among 14
silane modified glass surfaces. In that study, IL-4 was used to induce
formation of FBGC, and GM-CSF was used to enhance adhesion of
macrophages. Interestingly they found that, the contact angle and
surface energy did not have a significant effect on FBGC formation
1 In a different set of experiments, Alfarsi ef al. combined surface
chemistry with topography. Different surface chemistries of titanium
such as polished (SMO) micro-rough sand blasted, acid etched
(SLA) and hydrophilic-modified SLA (modSLA) were shown to
differentially regulate macrophage function. For instance, SLA and
SMO surfaces elicited up-regulation of 16 pro-inflammatory genes,
but modSLA surface down-regulated the expression of 10 genes
(TNF, IL-1a and B, CCL1, CCL3, CCL19 and CCL20, CXCL1 and
CXCLS, and IL-1 receptor type 1). Collectively, these data indicate
that hydrophilic titanium surfaces can modulate pro-inflammatory
properties of titanium '™, While wettability can clearly influence
macrophage polarisation in some systems, it is not specific enough a
measure to be able to ratinonalise cell response between different
classes of materials. For example hydrophilic polyacrylamide °* and

This journal is © The Royal Society of Chemistry 2013
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hydrophobic ionic polyurethane '° can both induce production of

anti-inflammatory cytokines by macrophages.

Given the diversity of methods used for generating macrophages and
different readouts used for determining their functional phenotype, it
is not surprising that some investigators have reported that surface
chemistry does not have any significant effect on macrophage
polarisation ' '®. This highlights the need for more detailed and
systematic studies in this area involving multiple material systems.

Dendritic Cells

The effect of biomaterial surface chemistry on DC maturation and
inflammatory behaviour is typically studied by culturing immature
DCs derived from human peripheral blood monocytes on different
biomaterial films. PLGA and chitosan films have been shown to
enhance DC maturation (up-regulation of CD80, CD86, CDS3,
HLA-DQ and CD44) and to stimulate them to secrete pro-
inflammatory cytokines '°. In addition, alginate film has been
shown to induce mature DCs to release higher amount of pro-
inflammatory cytokines than immature DCs, whereas DCs cultured
on hyaluronic acid film exhibited less expression of co-stimulatory
molecules and HLA-DR, while agarose film did not affect DC
function ' In a similar study by Kou et al., the relationship
between DC phenotype and biomaterial properties was investigated
by assessing the response of DCs derived from human peripheral
blood monocytes to 12 different polymethacrylate (pMAs) surface
chemistries '"’. In that study, cytokine profile and surface markers
were investigated. The investigators found a strong association
between DC maturation and carbon- and oxygen-treated pMA
surfaces where oxygen treatment maintained immature DC
phenotype, whereas carbon-treated surfaces induced strong DC
maturation '”’. Furthermore, surface chemistry of biomaterials can
influence DCs and differentiate them towards DC1 (pro-
inflammatory) or DC2 (anti-inflammatory). Hume et al., showed that
magnetic iron oxide nanoparticles (MIONs) stimulated immature
DCs and macrophages in mice towards DC1 and M1 phenotypes
respectively. Both cell types secreted different Tyl inducing
cytokines such as IL-12 and TNF-a '® In contrast, functionalised
poly  (ethylene  glycol)  hydrogels  with  immobilised
immunosuppressive factors (TGF-f1 and IL-10) have been shown to
decrease murine DC maturation as evidenced by suppression of IL-
12 production and expression of major histocompatibility complex-II
(MHCII) %

As with macrophages, DC function and phenotype can be affected
by biomaterials through adsorbed proteins on their surface which
interact with DCs via podosomes (cell surface spot-like actin-rich
structures that aid cell migration ''®) in a B2 integrin-dependent
manner and can affect DC phenotype and Toll-like receptor
signalling pathway ''! leading to non-specific inflammatory immune

responses 112.

Clinical implications of APC-Biomaterials cross-talk
Immune response related problems are one of the most common
reasons that biomaterial based implants fail. The dominant practice
to minimise such adverse immune responses is the use of different
anti-inflammatory strategies in order to improve the -clinical
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outcomes. These include i) introduction of anti-inflammatory drugs
(both steroidal and non-steroidal) and their controlled release from
implant surfaces ii) development of surface coatings that decrease
the immune response iii) angiogenic agents to facilitate the
integration of the implanted structures ''’. Although, these
approaches have provided a fair amount of success and they
generally contribute to the improved functionality of implants, in
many cases, they are not sufficient for the successful integration and
functionality of an implant, particularly in the long term.

The problems related to such approaches mainly stem from the
original understanding of biocompatibility where the immune
response to a biomaterial was considered detrimental which should
be kept at a minimum or suppressed ''*. For example, in vitro, poly-
ethyleneglycol (PEG) coatings were shown to induce monocyte
detachment via a Matrix Metalloproteinase (MMP) dependent
manner, which can explain the relatively low level of immune
reaction to PEG-coated structures ''. This can be related to the
highly hydrophilic nature of PEG as a general repellent for cell
adhesion. However, this approach cannot be applied to biomaterials
based structures such as engineered tissues as they need to be
remodelled and integrated where the immune response, particularly
from monocytic cells like macrophages, play an indispensable part.
Thus, the new paradigm in biomaterials research is to communicate
with the immune system rather than trying to avoid it. Due to their
crucial role in the foreign body response, APCs are the most
common target of such approaches. Better understanding of events at
the interface between different biomaterials and APCs could pave
the way for the rational design of new strategies to harness local
immune response to biomaterials to enhance clinical outcomes.

In this context APCs can be targeted to create a favourable cytokine
microenvironment (e.g. high IL-10 and TFG-B) to promote healing
and implant integration. One possibility to achieve this could be
delivering optimally activated APCs to the site of implant via
encapsulation. This would be similar to the delivery of insulin
}laeroducing Langerhans cells used in the treatment of type 1 diabetes

Conclusion

APCs play a pivotal role in response to foreign material and
pathogens. Biomaterials are used for manufacturing various
implantable medical devices and due to their ‘foreign’ nature can
stimulate the immune system by recruiting neutrophils, macrophages
and DCs. Manmade materials can elicit macrophage activation
leading to their fusion and adhesion as well as secretion of
inflammatory cytokines. Furthermore, biomaterials can also affect
DC maturation, and subsequently, stimulate T lymphocyte
activation. As a result, inflammation may become a major obstacle
in the long-term success of medical devices or implants. Different
strategies to modify the surface topography and chemistry of
biomaterials have been used to control adverse immune cells-
biomaterial interactions or ideally modulate DCs and macrophage
phenotype towards anti-inflammatory phenotypes where desirable.
Further research in this area may not only achieve optimum surface
topography and chemistry to modulate immune cells function to
promote healing, tissue regeneration and implant integration but also
increase the understanding of how different material properties
control immune cell responses.
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