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Synopsis 

Successful osseous healing is achieved by highly organised and controlled biological processes. 

Inflammation is an initial and integral part of these biological processes, influencing the fate 

of overall healing outcomes. Indeed, it has been well established that the skeletal and immune 

systems closely interact and influence each other in order to regulate bone homeostasis, both 

in healthy and diseased conditions. Compromised wound healing is one of the major clinical 

complications of diabetes, often leading to high morbidity and mortality. Pathophysiological 

changes, such as chronic hyperglycaemia and a resultant pro-inflammatory microenvironment, 

are considered to be the main aetiological factors in diabetes, contributing to a compromised 

immune system and poor wound healing potential.  

 

Macrophages play a pivotal role in both the initiation and resolution of inflammation by 

expressing an array of functional phenotypes (e.g. M1 and M2) in response to diverse local 

microenvironmental chemical cues. A timely transition of inflammatory status from ‘pro-

inflammatory (M1)’ to ‘anti-inflammatory/pro-healing (M2)’, is believed to be a crucial 

biological step in order to achieve successful wound healing, and there is increasing evidence 

supporting the notion that macrophages are responsible for this ‘switch’ of microenvironment. 

This important cellular phenomenon of M1 and M2 phenotypic transition is disrupted in 

diabetes due to various systemic and local factors, however the underlying cellular mechanisms 

are yet to be fully elucidated. 

 

Recently, numerous in vitro and in vivo studies have investigated the influence of different 

biomaterial surface characteristics on the resultant immune responses, demonstrating that the 

expression of macrophage phenotypes can be modulated by surface topography, chemistry and 

hydrophilicity, thus resulting in enhanced osseous healing. However, there is insufficient 

evidence in the current literature to support whether such biomaterial enhancements can result 

in similar outcomes in diabetic conditions, where the osteoimmunological interactions are 

compromised. Therefore, we hypothesized that a hydrophilic moderately rough titanium 

surface promotes M2 macrophage phenotype polarization at the early inflammatory phases of 

osseous healing, creating a microenvironment that promotes osteogenesis, even under the 

systemically compromised healing conditions encountered in diabetes.  
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In the first part of this thesis (Chapter 2), we established a Type-1 Diabetes like animal model 

to demonstrate that a hydrophilic moderately rough titanium surface was able to influence 

macrophage polarization towards an anti-inflammatory M2 phenotype, even in extreme 

hyperglycaemic and pro-inflammatory experimental conditions.  

Based on the results obtained from the pilot study (Chapter 2), we explored further whether the 

promotion of M2 macrophage phenotype polarization via a modified biomaterial surface had a 

direct impact on osteoblastic activity (Chapter 3). This in vitro study showed for the first time 

that the upregulation of osteogenic gene expression (TGF‐ß/BMP signalling pathway) in 

osteoblasts co‐cultures with M2 phenotype macrophages was enhanced if the macrophages 

were cultured on the modified biomaterial surface compared to a control surface.  

In the final part of the thesis, we employed a more clinically relevant diabetic model, Goto-

Kakizaki rat in order to investigate the immunomodulatory effects of titanium surface 

modification on macrophage polarization and inflammation in Type-2 Diabetes like conditions 

(Chapter 4). In a series of in vitro and in vivo studies, we demonstrated that the modified 

titanium surface can compensate for the compromised diabetic macrophage function by 

creating an environment that attenuates the pro-inflammatory response during the early stages 

of osseous wound healing, thus restoring macrophage homeostasis and resulting in enhanced 

osseous healing in Type 2 diabetic conditions. 
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1.1. Diabetes mellitus 

Diabetes mellitus is defined as a clinically and genetically heterogeneous group of metabolic 

disorders characterised by abnormally high blood glucose levels (i.e. hyperglycaemia) due to 

defects in insulin secretion and/or insulin action, as well as disturbances of carbohydrate, fat 

and protein metabolism. Diabetes is considered as a 21st century epidemic, causing significant 

social and financial burden in health systems worldwide. The Australian Health Survey 

(National Health Survey, 2017-18) reported that 1.2 million people aged between 20-79 years 

were diagnosed with diabetes in Australia (Australian Bureau of Statistics, 2019). Prevalence 

has tripled worldwide from 2006 to 2017 (International Diabetes Federation, 2019). Depending 

on the pathogenetic aetiology, diabetes is classified into several types. Type 2 diabetes is the 

most common, accounting for 90% of all reported cases, while Type 1 or immune-mediated 

diabetes and gestational diabetes account for most of the remaining cases (American Diabetes 

Association, 2019; International Diabetes Federation, 2019). Other types of diabetes, such as 

maturity-onset diabetes of the young and pancreatic disease, or drug- and chemical-induced 

diabetes, are rare (Genco & Borgnakke, 2020). 

1.1.1. Types of Diabetes and Pathogenesis 

Type 1 Diabetes mellitus (T1A DM) (formerly Insulin-dependent, IDDM) 

Type 1 diabetes mellitus is a condition caused by T cell-mediated pancreatic β-cell pancreatic 

destruction, leading to absolute deficiency of insulin secretion. Usually its onset is during 

childhood or adolescence, but symptoms can sometimes develop much later. Most cases of 

T1DM (further sub-classified as type 1A diabetes) show features of an immunological 

contribution to disease pathogenesis (e.g. autoantibodies or genetic associations with genes 

controlling immune responses), but the other sub-classification of T1DM, type 1B (idiopathic) 

has a currently unclear pathogenesis (Atkinson, Eisenbarth, & Michels, 2014). Characteristic 

autoantibodies associated with T1DM are those that target insulin e.g. 65kDa glutamic acid 

decarboxylase (GAD65), insulinoma-associated protein 2 (IA-2) or zinc transporter 8 (ZNT 8) 

(Katsarou et al., 2017). Individuals with specific HLA genotypes have an increased risk of 

developing  two or more autoantibodies and subsequent T1DM (Katsarou et al., 2017; Krischer 

et al., 2015; Ziegler et al., 2013).  
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Idiopathic Diabetes mellitus (T1B DM) 

Some forms of type 1 diabetes have unknown aetiology. Unlike most type 1 diabetes cases, 

idiopathic diabetes mellitus has no evidence of an autoimmune reaction against pancreatic β-

cells, but permanent insulinopaenia and ketoacidosis are common clinical findings in this type 

of diabetes. T1B DM is strongly inherited and is not human leukocyte antigen associated 

(Mealey & Ocampo, 2007). 

Gestational Diabetes mellitus 

Gestational diabetes mellitus is a condition characterised by glucose intolerance of various 

degrees during pregnancy. It appears to result from the same broad spectrum of physiological 

and genetic abnormalities that characterise diabetes outside of pregnancy. Indeed, there is a 

higher risk for women with gestational diabetes mellitus to develop diabetes post-pregnancy 

(Buchanan & Xiang, 2005). 

Type 2 Diabetes mellitus (T2DM) (formerly known as non-insulin dependent, NIDDM) 

Type 2 diabetes mellitus is characterised by dysregulation of carbohydrate, lipid and protein 

metabolism. Pathophysiological changes of T2DM are mainly caused by β-cell dysfunction, 

insulin resistance and chronic inflammation, all of which progressively impair glucose 

homeostasis (DeFronzo et al., 2015). T2DM is a multifactorial disease involving genetic and 

environmental factors, such as obesity, lack of exercise and stress and aging. In the natural 

history of T2DM, it is well established that there are a number of distinct (‘ominous octet’) 

pathophysiological abnormalities, attributing to the development of hyperglycaemia (Figure 1) 

(Defronzo, 2009; DeFronzo et al., 2015). In addition to these well-studied pathophysiological 

changes (the ‘ominous octet’), there is evidence suggesting that chronic inflammation (Donath 

& Shoelson, 2011) and vascular insulin resistance (Barrett, Wang, Upchurch, & Liu, 2011) 

contribute to the development of muscle insulin resistance.  
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Figure 1. The ‘Omnious octet’ of hyperglycaemia in T2DM. AMPK, AMP‑activated protein 

kinase; DPP4, dipeptidyl peptidase 4; IκB, inhibitor of NF‑κB; MAPK, mitogen‑activated 

protein kinase; NF‑κB, nuclear factor‑κB; RA, receptor agonist; ROS, reactive oxygen species; 

TLR4, Toll‑like receptor 4; TNF, tumour necrosis factor; TZDs, thiazolidinediones. Adopted 

from (DeFronzo et al., 2015) Publisher: Nature Review Disease Primers. Copyright Status: 

Permission licence number for reuse: 4860240904925. 

1.1.2. Diabetic Complications 

Prolonged hyperglycaemia results in numerous pathological changes in various systems. 

Diabetic complications are closely associated with the severity and duration of hyperglycaemia 

and these complications are similar for all of the types of diabetes outlined earlier. Major 

diabetic complications include macro- and microvascular pathology, nephropathy, neuropathy, 

retinopathy and poor/ delayed wound healing. Macrovascular complications, such as heart 

disease and stroke, are the main causes of death among diabetic patients. Compromised wound 

healing is considered to be one of the major diabetic clinical complications as it commonly 

leads to high morbidity and mortality. For example, the risk of lower extremity amputation is 

23 times higher than that of non-diabetic individuals, and the mortality rates are now at a level 

similar to some of the major cancers, such as breast, prostate, colon and lung (Lamont, Franklyn, 

Rayman, & Boulton, 2013). In addition, periodontal disease has been closely related to diabetes 
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as the progression of periodontal disease is greatly modified by the severity and duration of 

metabolic control (Genco & Borgnakke, 2020).    

1.2. Wound Healing in Diabetes 

Wound healing is a well-orchestrated cascade of biological events, whose ultimate goal is 

prompt resolution of injury. A highly regulated cascade of overlapping biological processes 

follow any given wound and/or injury; namely, Hemostasis, Inflammation, Proliferation and 

Remodeling phases (Landén, Li, & Ståhle, 2016; Reinke & Sorg, 2012). Diabetes causes 

impaired wound healing by affecting one or more biological mechanisms of these healing 

processes. Hence, it is important to briefly summarize the physiology of general wound healing 

in health, prior to considering the pathogenesis of diabetic wound healing in various systems, 

especially the skeletal system.  

1.2.1. Physiology of Wound Healing 

Hemostasis Phase 

Immediately after an injury, a blood clot is formed at the wound bed, which serves as a 

provisional wound matrix (Landén et al., 2016). Injured blood vessels are vasoconstricted for 

5 to 10 minutes in order to limit blood loss. The blood clot contains various cytokines, growth 

factors, fibrin molecules, fibronectin, vitronectin and thrombospondins, forming a provisional 

matrix which acts as a scaffold structure for the migration of many different immune and 

resident tissue cells (e.g. fibroblasts, osteoblasts, mesenchymal cells), and as a reservoir of 

growth factors (Martin, 1997; Reinke & Sorg, 2012). The blood clot formation and initial 

vasoconstriction result in a local perfusion failure, leading to hypoxia, increased glycolysis and 

pH-changes (Martin, 1997; Woo, Park, Subieta, & Brennan, 2004). The vasoconstriction is 

then followed by vasodilation as thrombocytes and leukocytes migrate into the provisional 

matrix, releasing cytokines and growth factors to trigger the next biological phase of wound 

healing, namely the inflammatory phase (Landén et al., 2016). Moreover, degranulation of 

thrombocytes activates the complementary system, which further activates the inflammatory 

process to remove foreign bodies and bacteria from the wound (Sinno & Prakash, 2013).   
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Inflammatory Phase 

The inflammatory phase of wound healing is triggered during the hemostasis phase as 

described above and predominantly involves the activation of the innate immune system. The 

inflammatory phase can be further divided into an ‘early phase’ and a ‘late phase’, where the 

migration of macrophage into the wound site is considered a hallmark of the late phase of 

inflammation.  

Early Phase of Inflammation 

In response to injury, resident cells are exposed to many different inductive signals, which 

largely fall into two main categories: (a) damage-associated molecular patterns (DAMPs), i.e. 

molecules released by stress cells undergoing inflammation or necrosis and (b) pathogen-

associated molecular patterns (PAMPs), i.e. pathogen specific molecules (Strbo, Yin, & 

Stojadinovic, 2014). These ‘danger’ signals are usually recognized by specialized cellular 

receptors called Pattern Recognition Receptors (PRRs). PRRs are expressed on many effector 

cells of the innate immune system, most importantly on professional antigen-presenting cells 

(APCs) such as macrophages, dendritic cells and B cells (Medzhitov & Janeway C., 2000). 

Several families of PRRs have been identified thus far, with the transmembrane toll-like 

receptors (TLRs) being the best characterized. The recognition of PAMPs and/or DAMPs by 

distinct TLRs leads to activation of intracellular signaling pathways, including the nuclear 

factor kappa-light-chain-enhancer of activated B cell (NF-κβ) and mitogen-activated protein 

kinases (MAPK) pathways. This subsequently results in the expression of a large number of 

genes responsible for the inflammatory response, including cytokines and chemokines (Landén 

et al., 2016; Takeuchi & Akira, 2010). Neutrophils are recruited and migrate to the site of injury 

in response to the inflammatory mediator (e.g. chemokines and cytokines) gradient and are 

present for 2-5 days in the absence of infection (Wilgus, Roy, & McDaniel, 2013). The role of 

neutrophils is crucial in the early stage of inflammation, as they undertake functions including 

phagocytosis, secretion of cytokines (e.g. TNF-α, IL-1β, and IL-6) and production of a variety 

of antimicrobial substances (e.g. cationic peptides and proteinases), in order to sterilize the 

wound (Barrientos, Stojadinovic, Golinko, Brem, & Tomic-Canic, 2008; Landén et al., 2016; 

Wilgus et al., 2013). Moreover, the interactions between neutrophils and macrophages have 

been shown to play an important role in wound healing, as the phagocytosis of neutrophils (i.e. 
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macrophage efferocytosis) can induce the phenotypic switch of macrophages from pro-

inflammatory (M1) to a reparative M2 phenotype (Fadok et al., 1998).  

 

Late Phase of Inflammation  

 

Approximately 3 days after injury, circulating monocytes, mainly derived from bone-marrow, 

are chemoattracted by pro-inflammatory cytokine and chemokine gradients and migrate to the 

injury site where they differentiate into macrophages and facilitate healing. Blood monocytes 

and tissue macrophages display many properties in common, as they adapt readily upon 

entering different tissue microenvironments where they contribute to the general needs (i.e. 

immune function) as well as specialized requirements of individual organs (i.e. physiological 

homeostasis) (Gordon & Martinez-Pomares, 2017). Both infiltrating and resident macrophages 

are activated by local microenvironmental signals and further develop into multiple diverse 

phenotypes. Depending on the local specific chemical cues, macrophages undergo polarization 

leading to the emergence of a spectrum of functional phenotypes from M1 (pro-inflammatory) 

to M2 (reparative) (Mantovani, Biswas, Galdiero, Sica, & Locati, 2013), which will be 

discussed in detail in a separate section. Macrophages are considered as the key players in 

bridging the inflammatory and proliferative phases of wound healing. 

The adaptive immune system provides a more specific response driven mainly by T and B 

lymphocytes. The major difference between innate and adaptive immunity lies in a capability 

of ‘memory’ clonal cell production. In adaptive immunity, T and B lymphocytes produce 

memory cells that can provide a rapid response when specific pathogens are subsequently 

encountered. The role of adaptive immunity is as crucial as that of innate immunity, but beyond 

the scope of this review, which will focus primarily on the role of the innate immune system 

and in particular, macrophage function in the context of inflammation.  

 

Proliferation Phases 

 

A key for successful wound healing is a smooth transition from the inflammatory to the 

proliferation phase. As inflammation subsides, proliferation becomes a major theme with the 

focus on covering the wound surface i.e. re-epithelialization, restoring the vascular network 

and forming granulation tissue (Landén et al., 2016). The process of re-epithelialization is 
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initiated and achieved by the migration and proliferation of keratinocytes. Migration of these 

cells is usually triggered by loss of contact inhibition and physical tension of damaged resident 

cells at the wound edge, where they become transiently leaky to small extracellular molecules 

and ions, such as Ca2+, which act as transcriptional activators. (Jacinto, Martinez-Arias, & 

Martin, 2001). This is a signal for reorganization of the cytoskeleton, which results in migration. 

Re-epithelialization is stimulated by a variety of cytokines and growth factors, such as Nitric 

Oxide (NO), Epidermal Growth factor (EGF) and Insulin Growth Factor-1 (IGF-1), produced 

by multiple cell types, including macrophages (Barrientos et al., 2008; Landén et al., 2016).  

 

Angiogenesis and re-establishment of damaged blood vessel networks is another key aspect of 

the wound healing process. Angiogenesis is initiated by a number of important growth factors, 

such as vascular endothelial growth factor (VEGF), angiopoietin, Platelet-Derived Growth 

Factor (PDGF), basic Fibroblast Growth Factor (bFGF), and Transforming Growth Factor beta 

(TGF-β), which activate endothelial cell migration and proliferation. Migration of endothelial 

cells and the development of new blood vessels is dependent on not only the presence of cells 

and cytokines, but also the production and organization of extracellular matrix (ECM) 

components, both in granulation tissue and in the endothelial basement membrane (Li, Zhang, 

& Kirsner, 2003).  The ECM regulates angiogenesis by providing scaffold support and 

signaling roles (Li et al., 2003). Thereafter, depending on the damaged site, tissue specific 

resident and mesenchymal cells are recruited and differentiated into appropriate effector cells, 

such as fibroblasts in skin and osteoblasts and osteoclasts in bone, in order to restore the 

function of the damaged tissues. 

 

Cutaneous Soft Tissue Healing  

 

Newly created provisional wound matrix during hemostasis is replaced by granulation tissue 

in the proliferation phase. The main components of granulation tissue are fibroblasts, 

granulocytes, macrophages and new blood vessels embedded in unorganized and complex 

collagen networks. Fibroblasts play an essential role in the formation of granulation tissue, 

producing proteinases e.g. matrix metalloproteinases (MMPs), in order to degrade the 

provisional matrix (Gill & Parks, 2008). At the same time fibroblasts produce and deposit 

collagen and other ECM components, such as proteoglycans, hyaluronic acid, 

glycosaminoglycans (GAGs) and fibronectin, to form granulation tissue which provides a 
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scaffold for cell adhesion, migration, growth and differentiation during wound repair (Barker, 

2011; Landén et al., 2016).  

 

Osseous Healing  

 

The reparative phase takes place within the first few days prior to the resolution of the 

inflammatory phase and continues for several weeks. Mesenchymal cells from the vasculature 

and bone marrow are recruited and differentiate mainly into fibroblasts, osteoblasts, osteoclasts 

and chondrocytes. These mesenchymal tissue progenitors produce collagenous and fibrous 

tissues, forming a type of granulation tissue called ‘soft callus’ that plays a critical role 

providing vascularity and structural support for new bone formation (Kon et al., 2001; Pape et 

al., 2010). At 2 weeks, the collagenous soft callus is gradually mineralized to form a ‘hard 

callus’, increasing the stability of the fracture site (Kon et al., 2001). The pH gradually becomes 

neutral, then slightly alkaline, creating an optimal local environment for alkaline phosphatase 

activity in order to mineralize the newly formed provisional (osteoid) matrix. In bone healing, 

there are two major modes of osteogenesis; intramembranous and endochondral ossification. 

Intramembranous ossification is characterized by direct conversion of sheets of mesenchymal 

connective tissue into bone, whereas endochondral ossification requires replacement of hyaline 

cartilage tissue by bone. Due to this extra biological healing step, endochondral ossification 

takes longer than its counterpart.  

 

Remodeling Phase 

 

The remodeling phase begins with the biological process of replacing collagen III fibers in the 

ECM and granulation tissues with collagen I fibers that have a higher tensile strength. Excess 

numbers of newly formed blood vessels decrease and many proliferating cells, such as 

fibroblasts, are down-regulated through apoptosis, ultimately establishing a mature, relatively 

avascular and acellular environment (Greenhalgh, 1998). In osseous healing, woven bone 

produced during the reparative healing process is gradually replaced with lamellar bone in 

order to regain normal bone architecture and mechanical properties (Schindeler, McDonald, 

Bokko, & Little, 2008). This marks the completion of the wound (soft and hard tissue) healing 

process.  
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1.2.2. Role of Macrophages in Wound Healing 

 

Macrophages are mononuclear myeloid lineage cells, performing primarily immune sentinel 

and protective roles, as well as homeostatic functions, in many different organs and tissues 

(Sinder, Pettit, & McCauley, 2015).  Moreover, macrophages play diverse roles in many 

physiological processes including glucose, lipid, amino acid and iron metabolism, and any 

alteration of macrophage function can result in disease (Biswas & Mantovani, 2012). In the 

context of inflammation, macrophages are highly plastic and versatile immune cells expressing 

an array of functional phenotypes in response to diverse local environmental signals (Biswas 

& Mantovani, 2010). However, their definitive roles in osseous healing and interaction with 

bone associated cells such as osteoblasts are not as yet fully understood.  An early pre-clinical 

study showed the that temporal expression profiles for osteoprotegerin (OPG), RANKL and 

M-CSF,  which were involved in the regulation of both endochondral resorption and bone 

remodeling, were tightly coupled with macrophage driven TNF-α and IL-1 expression during 

fracture healing (Kon et al., 2001). More recently, Guihard and co-authors demonstrated that 

the suppression of oncostatin M (OSM) expression was closely associated with macrophage 

depletion during the initial inflammatory phase of healing in a mouse model, suggesting a 

direct macrophage anabolic contribution (via the OSM-STAT3 signaling pathway) to bone 

healing (Guihard et al., 2015). Taken together, these pre-clinical data suggest that macrophage 

contributions are not restricted to the initial inflammatory phase of healing, but they are 

essential for the initiation of bone repair, independent of the type of bone formation involved 

(Sinder et al., 2015).  

 

Functional Macrophage Phenotypes (M1 and M2) 

 

M1 phenotype macrophage  

 

Owing to its complex roles and interactions with other cells in wound healing, monocytes are 

able to differentiate into a variety of phenotypes, such as M1, M2 and osteal macrophages. 

Classically activated ‘M1 phenotype’ macrophages induce a pro-inflammatory response to 

promote Th1-Th17 immunity, host defense and anti-tumor immunity (Mosser & Edwards, 

2008). The main cytokine associated with M1 macrophage activation is IFN-γ. Once the ligand 

binds to its receptor (IFN-γR), Janus kinase (Jak)1 and Jak2 are recruited and activate STAT1 
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(signal transducers and activators of transcription 1) and interferon regulatory factors (IRF) 

(Hu & Ivashkiv, 2009). IFN-γ receptor knockout (KO) animal studies demonstrated that KO 

mice were more susceptible to Mycobacterium bovis, and Listeria monocytogenes (Huang et 

al., 2009) and protozoa (Marinho et al., 2007; Pinheiro & Rossi-Bergmann, 2007), even though 

their macrophage numbers were normal. M1 macrophages are usually characterized by a 

number of surface proteins, such as TRL-2, TLR-4, CD80, CD86, iNOS and MHC-II, as well 

as several regulating transcription factors (e.g. NF-κβ, STAT1, STAT5, IRF3 and IRF5) that 

have been shown to increase the expression of genes responsible for M1 macrophage 

differentiation (Yao, Xu, & Jin, 2019). Granulocyte macrophage colony-stimulating factor 

(GM-CSF) is another M1 stimulator, acting via the IFN-γ and TLR signalling pathways to 

enhance antigen presentation, complement- and antibody-mediated phagocytosis, microbicidal 

capacity, leukocyte chemotaxis, and adhesion (Martinez & Gordon, 2014). In the early phase 

of wound healing, i.e. early inflammatory phase, infiltrating monocytes and resident 

macrophages are activated in response to pro-inflammatory cytokines, IFNs, microbial 

products and DAMPs, and mainly differentiate into a pro-inflammatory M1 phenotype 

macrophage to ‘sterilise’ the wound for subsequent healing processes.  

 

M2 phenotype macrophage 

 

Alternatively activated ‘M2 phenotype’ macrophages are associated with 

resolution/suppression of inflammation, angiogenesis, fibrogenesis and wound repair 

(Martinez & Gordon, 2014). M2 polarization occurs in response to downstream signals of 

multiple cytokines, such as IL-4, IL-13, IL-10, IL-33 and TGF-β, but IL-4 and IL-13 are the 

only cytokines which are able to directly induce M2 macrophage activation by binding to a 

common IL-4 receptor α chain (IL-4αR) and subsequently recruiting either IL-2Rγ or IL-

13Rα1 chain (Gordon & Martinez, 2010; Yao et al., 2019). This receptor binding leads to 

activation and translocation of a key transcription factor, i.e. STAT6. Additionally, other 

transcription factors, such as IRF4, JMJD3, PPARδ and PPARγ, have been shown to regulate 

the expression of M2 genes (Yao et al., 2019). M2 macrophages are usually characterised by 

surface proteins, such as mannitol receptor, CD163, CD206, CD209, FIZZ1 and Ym1/2.  

M2 macrophages can be, further divided into several subgroups based on the applied stimuli 

and the resultant transcriptional changes i.e. M2a, M2b, M2c and M2d. M2a macrophages, also 

known as alternative M2 (wound healing macrophages), are activated by IL-4 or IL-13 and 
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lead to secretion of various pro-inflammatory cytokines such as TNF-α, IL-1α, IL-1β, IL-6, IL-

12, IL-23, CXXL9, CXCL10, CXCL11, and CCL5. This subgroup of macrophages are 

responsible for endocytic activity, promotion of cell growth and tissue repair (Gordon & 

Martinez-Pomares, 2017; Martinez & Gordon, 2014). M2b macrophages, otherwise known as 

type II-activated or regulatory macrophages (Mosser & Edwards, 2008), are activated by 

immune complex TLRs and IL-1β, leading to secretion of both pro-inflammatory and anti-

inflammatory cytokines, such as TNF-α, IL-1β, IL-6 and IL-10 (Mantovani et al., 2004). M2b 

macrophages regulate the breadth and depth of immune responses and inflammatory reactions 

(L. xun Wang, Zhang, Wu, Rong, & Guo, 2019). M2c macrophages, also known as 

inactivated/regulatory macrophages, are induced by glucocorticoids, IL-10 and TGF-β, leading 

to secretion of IL-10, TGF-β, CCL16 and CCL18. This subgroup of macrophages play an 

important role in the phagocytosis of apoptotic cells (Chinetti-Gbaguidi, Colin, & Staels, 2015). 

M2d macrophages are induced by TLR antagonists and lead to increased release of IL-10 and 

VEGF promoting angiogenesis and tumour progression (Ferrante & Leibovich, 2012; Ferrante 

et al., 2013).  

 

 

Figure 2. The different stimuli, surface markers, secreted cytokines and biological function of 

the M2 macrophage subsets. Adapted from (Yao et al., 2019), with permission from the 

Publisher of Frontiers in Immunology. 
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Resident macrophages: Osteal Macrophages (OsteoMacs) 

 

Most organs and tissues contain a population of resident macrophages that perform critical 

tissue-specific physiological functions and support homeostasis (Davies, Jenkins, Allen, & 

Taylor, 2013). In bone, osteoclasts are classically viewed as the resident macrophages, but a 

discrete population of non-osteoclastic resident macrophages has been characterized, showing 

an important role in bone homeostasis through regulating function both in vitro and in vivo 

(Chang et al., 2008). These resident osteal macrophages are also known as ‘OsteoMacs’, and 

may constitute approximately one sixth of all cells residing in bone marrow and display a 

stellate morphology. Chang and colleagues demonstrated that osteal macrophages are not only 

found on bone surfaces intercalated within resting osteal tissue, but also are located 

immediately adjacent to mature osteoblasts at sites of active bone modelling (Chang et al., 

2008; Sinder et al., 2015). Several subsequent pre-clinical trials have demonstrated that 

depletion of (osteal) macrophages leads to catastrophic failure of bone repair in both 

intramembranous (Alexander et al., 2011) and endochondral ossification (Raggatt et al., 2014). 

Collectively, these studies suggest a pivotal role of another macrophage phenotype, the 

OsteoMac, in bone healing, however its dynamic nature is yet to be fully elucidated in the 

literature.   

 

1.2.3. Pathophysiology of Diabetic Wound Healing 

 

The delayed and/or impaired soft and hard tissue healing in diabetes is due to collective 

complications of peripheral arterial disease, neuropathy, inflammation and hypoxia 

(Armstrong, Boulton, & Bus, 2017; Davis, Kimball, Boniakowski, & Gallagher, 2018). 

Numerous previous in-vitro and in-vivo studies have examined the potential underlying cellular 

pathophysiological processes responsible for the impaired wound healing in diabetes and 

shown these to include impaired growth factors (Galkowska, Wojewodzka, & Olszewski, 

2006), angiogenic response, collagen accumulation, fibroblast migration and proliferation, and 

imbalance between the accumulation of extracellular components and their remodelling by 

proteases (Brem & Tomic-canic, 2007; Davis et al., 2018; Lobmann et al., 2002; Okonkwo & 

Dipietro, 2017; Xu, Zhang, & Graves, 2013).  
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There are a number of proposed pathophysiological processes, such as hyperglycaemia, 

chronic inflammation and hypoxia that also contribute to compromised wound healing in 

diabetes. One of the main underlying mechanisms responsible for the pathophysiology of 

diabetes is the production of advanced glycation end products (AGEs) due to prolonged periods 

of hyperglycaemia secondary to alterations in insulin levels or insulin receptor affinity (Mehta, 

Breitbart, Berberian, Liporace, & Lin, 2010). AGEs result from non-enzymatic reactions of 

carbohydrates and oxidised lipids with proteins. The formation of ketoamine (Amadori product) 

intermediates leads to protein covalent crosslinks and other modifications (Alikhani et al., 

2007). Advanced glycation occurs over a period of weeks, thereby affecting long-lived proteins. 

The pathological crosslink formation induced by AGEs leads to increased stiffness of the 

protein matrix, hence impeding function as well as increasing resistance to removal by 

proteolytic means, which in turn affects the process of tissue remodelling (Singh, Barden, Mori, 

& Beilin, 2001). AGE accumulation is not only associated with diabetic pathology, but also 

thought to contribute to other systemic pathological changes in cataract formation, Alzheimer’s 

disease, osteoarthritis and myocardial dysfunction. These AGE associated pathological 

changes, including nephropathy, retinopathy, periodontal disease, impaired dermal and osseous 

wound healing, have been demonstrated in multiple animal models (Braak & Braak, 1995; 

Goova et al., 2001; Lalla et al., 2000; Santana et al., 2003).  

 

Chronic Hyperglycaemia on Angiogenesis and ECM production 

 

It has been demonstrated that prolonged hyperglycaemic conditions and subsequent AGE 

formation can alter endothelial metabolism and function, resulting in a series of micro- and 

macro-circulatory dysfunctions that have a serious impact on the overall angiogenesis process 

(Altabas, 2015; Roberts & Porter, 2013). Endothelial progenitor cells (EPCs) showed abnormal 

functions associated with glucose metabolism, Nitrous Oxide (NO) production in the 

endothelium and down-regulation of intracellular signalling pathways when they were exposed 

to a prolonged hyperglycaemic environment (Cubbon, Kahn, & Wheatcroft, 2009). Moreover, 

endothelial cells can lose structural integrity and undergo apoptosis more readily under chronic 

hyperglycaemia (Marshall & Kelch, 1986).  

Under normal physiological wound healing, local wound induced hypoxia plays an essential 

role in stimulating vascular regeneration by activating Hypoxia-Inducible Transcription 

Factors (HIF-1α), which increase the production of angiogenic growth factors such as VEGF 
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and the expression of the chemokine receptor CXCR4 (Detmar et al., 1997). In pre-clinical 

diabetic animal models however, expression of HIF-1α and HIF-1 target genes was reduced, 

which resulted in a compromised cellular response to a hypoxic tissue environment and 

ultimately delayed wound healing (Botusan et al., 2008; Mace, Yu, Paydar, Boudreau, & 

Young, 2007). These results were in agreement with a clinical study demonstrating DFU 

(Diabetic foot Ulcers) biopsy samples had a reduction in HIF-1α expression compared to 

venous ulceration samples (Catrina, Okamoto, Pereira, Brismar, & Poellinger, 2004). Chronic 

hyperglycaemia results in a profound modification of structural components (Arg17 & Arg23) 

of HIF-1α, interfering with dimerization of HIF-1α and HIF-1β, which in turn reduces 

expression of downstream HIF-1 target genes (Ceradini et al., 2008).  

As described in the previous section, appropriate ECM production is another crucial step in the 

wound healing process. Rapid formation and deposition of ECM is required for efficient 

cellular biding in order to provide a physical support for the regeneration and expansion of the 

blood vessels in angiogenesis (Davis et al., 2018). The primary cellular components of the 

ECM are fibroblasts. Numerous in vitro and in vivo studies demonstrated that the proliferation 

and migration of fibroblasts was suppressed, while the apoptosis process was increased, in 

several experimental diabetic models (Desta, Li, Chino, & Graves, 2010; Hehenberger et al., 

1999; Lamers, Almeida, Vicente-Manzanares, Horwitz, & Santos, 2011; Siqueira et al., 2010). 

Moreover, chronic hyperglycaemia could adversely affect the enzyme secretion levels 

produced by fibroblasts and/or immune cells. Tissue enzymes, such as matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), are essential 

for ECM production and integrity. With persistent inflammation in diabetes, secretion levels 

of some of these peptidases, namely, MMP-1, MMP-8 and MMP-9, were shown to be increased, 

while relatively low levels of TIMPs were reported (Gibson & Schultz, 2013; Hopps et al., 

2014). This imbalance of MMPs in diabetic conditions accounts for limited production and 

premature degradation of the ECM, which could impair fibroblast migration and collagen 

synthesis, ultimately leading to delayed healing.  

 

Chronic Inflammation  

 

As discussed above, inflammation is an integral part of the normal healing process however 

chronic inflammation is thought to be one of the major reasons for compromised healing in 

diabetes. Prolonged hyperglycaemia and increased serum levels of free fatty acids induce 
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inflammatory processes via infiltrating immune cells such as macrophages, neutrophils and 

lymphocytes in various tissues, resulting in the secretion of pro-inflammatory cytokines which 

eventually leads to tissue damage and delayed healing (Fui et al., 2019). A number of clinical 

studies demonstrated elevated levels of systemic inflammatory markers, such as C-reactive 

protein (CRP), serum amyloid A, IL-1β, IL-6 and IL-1 receptor antagonist (IL-1RA), in obese 

and diabetic patients (Herder et al., 2009; Pickup, Mattock, Chusney, & Burt, 1997; Spranger 

et al., 2003). Elevated levels of the acute phase proteins IL-1β and IL-6 in diabetic patients 

may reflect the activation of innate immune cells, including monocytes and macrophages by 

increased nutrient concentrations, and diabetic associated metabolic changes of adipose tissue 

and the liver could be attributed to the high circulating levels of inflammatory markers (Donath 

& Shoelson, 2011). This low-grade pro-inflammatory systemic environment in diabetes  induce 

monocyte recruitment and an M1-like inflammatory phenotype even at rest (Ahmed, de 

Winther, & Van den Bossche, 2017). 

 

Role of Macrophages in Diabetic Wound Healing  

 

During the wound healing process both tissue resident and recruited macrophages play key 

roles in both the initiation and resolution of inflammation. Macrophages are versatile immune 

cells which can alter their phenotype depending upon local and/or systemic environmental cues. 

Macrophages undergo polarisation changes, leading to the emergence of a spectrum of distinct 

functional phenotypes as described earlier in the current review. Briefly, at one end of the 

phenotypic spectrum, classically activated ‘M1 phenotype’ macrophages induce a pro-

inflammatory state to promote and recruit other immune cells by secreting pro-inflammatory 

cytokines such as TNF-α, IL-1α and IL-1β. At the other end of the spectrum, alternatively 

activated ‘M2 phenotype’ macrophages are associated with the resolution of inflammation, 

angiogenesis, fibrogenesis and tissue repair. Although it is essential to have an initial M1-

mediated pro-inflammatory response prior to the activation of the M2 phenotype, prolonged or 

uncontrolled M1 mediated inflammation leads to poor healing outcomes. For resolution of 

inflammation and subsequent wound healing and repair to occur, the balance and timely 

transition of macrophage phenotypes from M1 to M2 is crucial (Mosser & Edwards, 2008). 

However this cellular phenomenon of M1 and M2 phenotypic transition is apparently disrupted 

in diabetes due to various systemic and local factors, such as chronic hyperglycaemia, 
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abnormal hypoxic cellular responses and AGE accumulation (Baltzis, Eleftheriadou, & Veves, 

2014; Davis et al., 2018).  

It has been shown that the inflammatory cytokine IL-1β was increased in diabetic wounds from 

both human and animal tissue samples, and wound healing was subsequently improved by 

inhibiting the IL-1β signaling pathway, resulting in a switch from proinflammatory M1 to 

reparative M2 macrophages (Mirza, Fang, Ennis, & Kohl, 2013). A recent pre-clinical study 

also demonstrated that the expression of anti-inflammatory M2 related genes (Ym1 and Arg-1) 

were significantly reduced, while pro-inflammatory cytokines IL-17 and IL-20 mRNA levels 

were significantly increased in the wounds of db/db diabetic mice (Finley, DeClue, Sell, 

DeBartolo, & Shornick, 2016). Furthermore, it was reported in a murine model that a diabetic 

environment induced stable intrinsic changes in the haematopoietic cell population, leading to 

a hyper-responsive phenotype polarization for both M1 and M2 macrophage phenotypes during 

the early stage of healing, but a subsequent failure of phenotype transition from M1 to M2 at 

later stages (Bannon et al., 2013).  

Due to the important role of macrophage mediated inflammation in wound healing, recent pre-

clinical and clinical studies have focused on macrophage dysfunction, the imbalance between 

M1 and M2 and the transition from M1 to M2 macrophage phenotype in diabetic conditions. 

To date, a number of genomic, proteomic and epigenetic pathogenetic mechanisms have been 

proposed: up-regulation of peroxisome proliferator-activated receptor γ (PPAR-γ) gene 

expression and its downstream targets (Mirza et al., 2015), down-regulation of HoxA3 and 

HoxD3 genes (Hansen, Myers, Charboneau, Young, & Boudreau, 2003; Mace, Hansen, Myers, 

Young, & Boudreau, 2005), impaired efferocytosis of macrophages (Khanna et al., 2010), 

regulation of free serum galectin-3 levels (Kianoush, Nematollahi, Waterfield, & Brunette, 

2017) and epigenetic changes, such as repression of histone methylation marker H3K27me3 

on the promoter of the IL-12 gene  (Gallagher et al., 2015). Moreover, recent evidence suggests 

many microRNAs play a crucial role in the regulation of inflammation. including miR-21, 

which has been shown to be responsible for the promotion of efferocytosis and down-

regulation of pro-inflammatory genes in an animal model (Das, Ganesh, Khanna, Sen, & Roy, 

2014; T. Wang et al., 2012). These cellular and molecular mechanisms could be important 

therapeutic targets to overcome the imbalance between M1 and M2 macrophage phenotypes in 

diabetic wounds.   
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1.2.4. Osseous Healing in Diabetes 

 

Impaired bone quality and increased fracture risk in diabetic patients has been widely 

recognized as a serious clinical complication of the disease. In an early case report, Cozen first 

observed and reported prolong healing times for lower extremity fractures in diabetic patients 

(Cozen, 1972). Since then, numerous clinical and pre-clinical studies have reported 

osteoporotic skeletal changes and impaired fracture healing in diabetes, often referred to as 

“diabetic bone disease” or “diabetic osteopathy” (Bouillon, 1991). There are several meta-

analyses, involving more than 7 million participants, reporting a significantly increased relative 

risk of hip fractures in individuals suffering from T1DM compared to the general population, 

and moderately increased risk for those with T2DM (Fan, Wei, Lang, & Liu, 2016; Janghorbani, 

Van Dam, Willett, & Hu, 2007; Leanza et al., 2019; Oei et al., 2013; Vestergaard, 2007). 

Interestingly, it has been reported that bone mineral density (BMD) in patients with T2DM was 

in fact within normal limits with a rather high body mass index, while the BMD of T1DM 

patients was lower than the healthy controls (Gehling, Lecka-Czernik, & Ebraheim, 2016). It 

seems paradoxical that the increased fracture risk in T2DM is associated with normal BMD, 

but this could be explained by hyperinsulinaemia in T2DM as compared to insulinopaenia in 

T1DM (Thrailkill, Lumpkin, Bunn, Kemp, & Fowlkes, 2005). It’s been suggested that a crucial 

impact on the fragility of the skeleton in DM patients may be due to the accumulation of AGEs. 

AGE accumulation was shown to decrease osteoblastic activity via impaired adhesion to the 

collagen matrix and impaired proliferation and differentiation (Karim & Bouxsein, 2016; 

Santana et al., 2003; Schwartz, 2003). Moreover, chronic hyperglycaemia could directly affect 

osteoblasts, as earlier in vitro studies demonstrated that prolonged exposure of osteoblastic 

cells to hyperglycaemic conditions led to alterations in gene expression, which were 

characterised by decreased osteocalcin, MMP-13, collagen-I and c-jun mRNA levels (Botolin 

& McCabe, 2006; Zayzafoon, Botolin, & McCabe, 2002). However, the precise underlying 

pathogenetic mechanisms remain largely undefined. 

 

In experimentally induced diabetes (mainly T1DM), delayed healing and reduced repair 

potential have been demonstrated in various types of bone defect models including femur 

fractures (Follak, Klöting, & Merk, 2005; Follak, Klöting, Wolf, & Merk, 2004), marrow 

ablation (Lu, Kraut, Gerstenfeld, & Graves, 2003), and osteotomies (Nevins, Karimbux, Peter 

Webe, Giannobile, & Fiorellini, 1999). In addition to the suppression of osteoblastic function, 
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osteoid formation, mineral apposition rate and plasma osteocalcin levels were also decreased 

in spontaneously diabetic BB rats (Verhaeghe et al., 1989). These pre-clinical study 

observations were in accordance with bone biopsy specimen results from T1DM patients 

(Krakauer et al., 1995).  In contrast, markers of bone resorption show  a non-uniform systemic 

expression pattern in T1DM patients where they may be increased, unaltered or even decreased 

(Retzepi & Donos, 2010). T1DM experimental models used in those in vivo studies often show 

extreme values of hyperglycaemia and hypoinsulinaemia due to the diabetic induction 

methodology, hence the experimental conditions may poorly reflect human presentations and 

therefore have limited clinical relevance. Nevertheless, they reflect the negative contribution 

of multiple pathological changes to the osseous healing process under diabetic conditions. In a 

T2DM model, deterioration of the biomechanical properties and delayed fracture healing was 

also observed, suggesting altered mesenchymal stem cell fate determination with a shift to the 

adipocyte lineage at the expense of the osteoblast lineage (Brown et al., 2014). 

 

1.2.5. Osseointegration in Diabetes 

 

It is well documented in numerous pre-clinical studies that the presence of diabetic conditions 

may compromise bone healing processes associated with osseointegration. Several pre-clinical 

experimental studies have provided histological evidence of impaired bone healing responses 

and reduced bone-to-implant contact (BIC) during the early healing stage (2-4 weeks) 

following implant placement in diabetic animals (Giglio, Giannunzio, Olmedo, & Guglielmotti, 

2000; Nevins et al., 1999). Nevins and co-authors reported that the rates of new bone formation 

in a 250µm circumscribing zone around the implants were similar for diabetic and control 

animals, however BIC was significantly reduced for diabetic compared to control animals. 

Subsequent histological analysis demonstrated that although osseointegration occurred in 

diabetic animals, the pattern of bone quality was altered. The morphology of the newly formed 

bone appeared immature and disorganised as compared to normal controls (Nevins et al., 1999). 

Similar adverse effects of diabetes on osseointegration and osseous healing were reported in 

other experimental models, demonstrating a reduction in peri-implant bone density and up to 

50% reduction in the amount of newly formed bone after the first 2 weeks of healing (Gerritsen, 

Lutterman, & Jansen, 2000; Siqueira et al., 2010). In a T2DM rat model (Goto-Kakizaki strain), 

impaired osseointegration capacity was observed histologically, showing more woven bone 

and fibrous tissue around the implants at 4 weeks of healing, as compared to abundant lamellar 
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bone formation around healthy control group implants (F. Wang et al., 2010). Furthermore, a 

large animal study in pigs by von Wilmowsky et al. (2011) demonstrated that poorly controlled 

diabetes negatively affects peri-implant bone formation and bone mineralisation compared to 

healthy controls (Von Wilmowsky et al., 2011).  

 

Despite many pre-clinical studies having demonstrated impaired or disrupted osseointegration 

potential in diabetic conditions, the results of currently available clinical trials do not always 

correlate with the findings of pre-clinical studies (Kotsovilis, Karoussis, & Fourmousis, 2006). 

Before making any correlation between the results of pre-clinical and clinical studies, it is 

noteworthy that the majority of clinical trials were performed on patients with T2DM. Several 

controlled clinical trials reported an increased risk of implant failure in diabetic patients 

compared to healthy controls  (Fiorellini & Nevins, 2000; Morris, Ochi, & Winkler, 2000; Moy, 

Medina, Shetty, & Aghaloo, 2005). Moreover, a prospective clinical trial by Oates and co-

authors (2009) elucidated a direct relationship between poor glycaemic control (HbA1c levels 

ranging between 4.7-12.6%) and impaired implant integration in diabetic patients by measuring 

post-implant placement stability via resonance frequency analysis (RFA). The authors reported 

that implant stability quotient (ISQ) values were significantly lower in patients with HbA1c 

levels >8.1% than those in patients with HbA1c levels <8.1%. The statistically significant 

differences in the ISQ values were consistent throughout the entire 16 weeks of healing (Oates, 

Dowell, Robinson, & McMahan, 2009). Notwithstanding these clinical results, there is still no 

robust clinical evidence to date supporting the hypothesis that diabetes negatively affects 

osseointegration. A comprehensive and critical review by Kotsovillis et al. (2006) has 

addressed these conflicting results of the clinical studies concluding that within the limits of 

the existing literature, diabetes cannot be considered as an absolute contraindication for implant 

placement, on the condition that it remains under appropriate metabolic control (Kotsovilis et 

al., 2006). A recent systematic review supports this cautious perspective on the effect of 

diabetes on osseointegration. The authors argued that most clinical studies focus on well-

controlled diabetics and the use of prophylactic antibiotics in order to avoid any adverse effects 

of diabetes, with the current literature unable to demonstrate that diabetes negatively affects 

osseointegration (Aghaloo et al., 2019).  

In conclusion, implant placement in well-controlled diabetic patients is not contraindicated, 

however it is not always feasible to achieve and/or maintain optimal metabolic control, 

especially in T2DM, due to the multifactorial pathogenetic nature of the disease. Therefore, 
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further research is warranted to investigate different therapeutic targets and approaches which 

could potentially improve the compromised biological processes of osseous healing in diabetes. 

1.3. Osteoimmunology 

 

The close relationship between the immune and skeletal systems has been recognised since the 

1970’s (Horton, Raisz, Simmons, Oppenheim, & Mergenhagen, 1972; Mundy, Raisz, Cooper, 

Schechter, & Salmon, 1974), as both systems share a number of common regulatory molecules 

including cytokines, receptors, signalling molecules and transcription factors (Walsh et al., 

2006). Moreover, immune cells are formed and haematopoietic stem cells (HSCs) are 

maintained in the loosely compartmentalised bone marrow where they freely interact with bone 

cells (Nakashima & Takayanagi, 2009). Thus, it is no surprise the term ‘osteoimmunology’, 

was introduced to cover these overlapping scientific fields of study. To date, there is 

accumulating evidence suggesting that the skeletal and immune systems influence each other 

to regulate homeostasis both in healthy and diseased conditions. This is best represented in the 

autoimmune pathological condition rheumatoid arthritis, where abnormal and/or prolonged 

activation of the immune system leads to bone destruction, mainly by activation of osteoclasts 

(Guerrini & Takayanagi, 2014; Takayanagi, 2005). Furthermore, as mentioned in the previous 

section, the pivotal role of resident macrophages, i.e. Osteomacs, in bone healing and 

homeostasis provides additional evidence to the important concept of osteoimmunology. 

Indeed, osteoimmunology is becoming increasingly important for understanding the 

pathogenesis and management of conditions affecting both the skeletal and immune systems, 

such as rheumatoid arthritis, periodontal diseases, osteoporosis and diabetic complications 

(Takayanagi, 2007). 

 

1.4. Osteoimmunomodulation 

 

Being a foreign body, an implant is initially recognised by the immune system, which triggers 

a downstream response that affects the biological behaviour of bone cells either positively or 

negatively, determining the fate of the biomaterial (Chen et al., 2016). Hence, the immune 

response has become a new focus of biomaterial research when evaluating the osteogenic 

potential of advanced bone biomaterials in the emerging field of osteoimmunology, inspiring 

a shift away from ‘immune-evasive’ towards ‘reprogramming’ biomaterials (Franz, Rammelt, 
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Scharnweber, & Simon, 2011). Therefore, osteoimmunomodulatory strategies aim to enable 

the biomaterials to modulate the local immune response towards a timely transition from an 

initial pro-inflammatory to a pro-reparative environment (Przekora, 2019). These novel 

strategies may be of significant importance in the management of bone healing and 

regeneration, particularly in diabetic conditions where both the immune and skeletal systems 

have been compromised due to chronic hyperglycaemia and a hyperinflammatory state. 

 

1.5. Osteoimmunomodulatory Strategies 

 

Titanium (Ti) and titanium alloys are the most broadly used biomaterials to repair, regenerate 

and reconstruct osseous defects in oral, maxillofacial and craniofacial surgery due to their 

favourable mechanical properties and biocompatibility. Ti implant surfaces however can be 

modified or engineered in several ways to impart osteoimmunomodulatory properties, i.e. by 

surface topography, chemistry and wettability (hydrophilicity).  

 

1.5.1. Osteoimmunomodulation by Surface Topography 

 

When the host immune system encounters biomaterials, adsorption of blood proteins onto the 

implant surface, recruitment of innate immune cells and secretion of signalling molecules are 

the first early biological processes required for healing (Xie et al., 2020). Previous studies have 

shown that the physicochemical and topographical properties of implant surfaces can modulate 

electrostatic and ionic interactions, hydrogen bond/chemical bond formation and hydrophobic-

hydrophilic interactions with blood proteins (Kusakawa, Yoshida, & Hayakawa, 2017). 

Similarly, the surface roughness of the biomaterial has also been shown to influence protein 

adsorption, with more proteins adsorbed onto rougher surfaces (Hannig & Joiner, 2006). More 

recently, Yang and co-authors demonstrated in a pre-clinical study that a rough Ti surface could 

positively influence blood clot formation leading to proliferation and recruitment of bone-

marrow mesenchymal stromal cells (Yang, Zhou, Wei, & Xiao, 2016).  

Biomaterial surface properties play a critical role in the subsequent composition and functional 

state of the adsorbed protein layer, which regulates the downstream cascade of biological 

events in processes such as osteogenesis. The surface topography is dependent on the 

orientation of surface features and their ‘roughness’ (Wennerberg & Albrektsson, 2009a). 

Historically, it has been widely demonstrated that implants with rough surfaces achieved 
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superior bone-to-implant contact compared to those with a smooth surface in numerous pre-

clinical and clinical studies. Initially, Buser and co-authors (1991) demonstrated that micro-

rough titanium-plasma-sprayed (TPS) surfaced implants promoted faster and more extensive 

osseointegration than smoother machine-milled implants (Buser et al., 1991). In another animal 

study, Gotfredsen and co-authors (1992) compared machined and TiO2 blasted implant 

surfaces with regard to their osseointegration potentials via removal torque analysis, showing 

that significantly higher removal torque was required for the TiO2 blasted implants, but there 

was no statistically significant difference in bone-to-implant contact percentage between  the 

control and test implant surfaces (Gotfredsen, Nimb, Hjörting-Hansen, Jensen, & Holmén, 

1992). The moderately rough SLA® (Sand blasted Large grit and Acid etched; Straumann, 

Basel, Switzerland) implant surface was compared to smooth surfaced implants in order to 

evaluate the rate and degree of osseointegration (Abrahamsson, Berglundh, Linder, Lang, & 

Lindhe, 2004). Histometric and morphometric analyses showed that osseous healing and 

osseointegration events on both surfaces shared similar characteristics, however in the early 

phase of healing (2-4 weeks), it was evident that the rate and degree of osseointegration were 

superior for the SLA surfaced implants (Abrahamsson et al., 2004). Furthermore, rough  

surface implants have been shown to result in superior pro-osteogenic and anti-inflammatory 

properties compared to smoother ‘machined’ implants (Omar et al., 2011; Wennerberg & 

Albrektsson, 2009b). Higher expression of pro-inflammatory cytokines, such as TNF-α and 

IL-1β, was observed with machined surface implants compared to oxidised (rough) surface 

implants, correlating with reduced osseointegration associated with the machined surfaces 

(Omar et al., 2011). A systematic review on surface topography and bone integration 

summarised that surface topography influenced bone responses at both micro and nanometer 

levels and there was general consensus that a certain amount (e.g. moderately rough, Sa > 1-

2μm) of surface roughness led to stronger bone formation and osseointegration (Wennerberg 

& Albrektsson, 2009a). Clinically, implants with the SLA surface have shown good clinical 

outcomes with reported success rates of about 99% after up to 5 years in function (Cochran et 

al., 2002; Roccuzzo, Aglietta, Bunino, & Bonino, 2008). In summary, there is strong evidence 

that both extent and speed of osseointegration are influenced by surface topography.  

  

1.5.2. Osteoimmunomodulation by Surface Chemistry & Hydrophilicity  
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Chemical modification of implant surfaces has a profound influence on surface charge and 

hydrophilicity, which in turn affects protein adsorption, cell adhesion and specific cell 

responses (Bosshardt et al., 2011). In a series of in vivo experiments by Sul et al., it was shown 

that electrochemical and topographical modifications of implant surfaces resulted in 

significantly improved bone responses and bone-to-implant contact (BIC) compared to 

machined-turned smooth surface implants (Y. T. Sul et al., 2001; Young Taeg Sul, Jeong, 

Johansson, & Albrektsson, 2006; Young Taeg Sul, Johansson, Kang, Jeon, & Albrektsson, 

2002; Young Taeg Sul, Johansson, Chang, Byon, & Jeong, 2005). In another in vitro study,  

hydrophilic anionic surfaces promoted an anti-inflammatory response by increasing selective 

cytokine production (IL-10 expression) in biomaterial adherent human monocytes/ 

macrophages, while cationic surfaces down-regulated IL-10 and IL-1RA, thereby interfering 

with osteoblastic activation (Brodbeck et al., 2002).  

 

Buser and co-authors (2004) evaluated bone apposition on a modified sandblasted / acid-etched 

(modSLA, SLActive®) titanium surface compared with a standard SLA surface during the 

early stages of bone regeneration in miniature pigs. The authors observed significantly greater 

mean percentage of bone-to-implant contact (BIC) in the test implant group at 2 and 4 weeks 

of healing, concluding that the modSLA surface promoted enhanced bone apposition during 

the early stages of bone healing and osseointegration (Buser et al., 2004). Zhao and co-authors 

(2005) demonstrated that prevention of rough Ti surfaces from contact with air reduced 

hydrocarbon contamination of the TiO2 layer and increased the hydrophilicity and surface 

energy without altering the surface topography. In the same study, more differentiated 

osteoblasts were observed on the chemically modified Ti surfaces, and it was concluded that 

chemical modification of SLA (SLActive®) implants produced novel hydroxylated / hydrated 

titanium surfaces with hydrophilic properties which could increase bone formation, potentially 

via stimulatory effects of the high surface energy on osteoblasts (Zhao et al., 2005). 

Furthermore, it was shown that the hydrophilicity of a modified titanium surface also had 

positive effects on the early stages of soft tissue healing and integration in a dog model 

(Schwarz et al., 2007). A subsequent study evaluated bone regeneration at modSLA and SLA® 

titanium implants using acute dehiscence-type defects in dogs and concluded that the modSLA 

surface promotes bone regeneration via superior angiogenesis in comparison to the SLA 

surface (Schwarz et al., 2008). Moreover, modSLA (SLActive®) surface was compared to a 

dual acid-etched surface with a calcium phosphate particle deposition modification (DCD/CaP) 
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in its capacity to promote bone formation and osseointegration in a buccal dehiscence-type 

defect dog model. It was observed that the SLActive® surface resulted in superior new bone 

formation and osseointegration compared to the DCD/CaP surface (Schwarz, Sager, Kadelka, 

Ferrari, & Becker, 2010).  

It has been reported that immune-inflammatory response associated genes are prominently 

involved in the early healing phases of Osseointegration, and appeared to be regulated via the 

I-κB kinase/NF-κB signalling pathways (Ivanovski et al., 2011). Recently, it’s been 

demonstrated that an increase in hydrophilicity, nanoscale surface topography, and a reduction 

in the surface carbon contamination resulted not only in enhanced osteoblastic differentiation 

(Jimbo et al., 2008; Vlacic-Zischke, Hamlet, Friis, Tonetti, & Ivanovski, 2011), but also  in a 

modulated inflammatory response, promoting M2-like macrophage polarisation rather than M1 

macrophage activation during the inflammatory phases of healing (Alfarsi, Hamlet, & 

Ivanovski, 2014; S. Hamlet, Alfarsi, George, & Ivanovski, 2012; S. M. Hamlet, Lee, Moon, 

Alfarsi, & Ivanovski, 2019; Hotchkiss, Ayad, Hyzy, Boyan, & Olivares-Navarrete, 2017; 

Hotchkiss, Clark, & Olivares-Navarrete, 2018; Hotchkiss et al., 2016). Furthermore, the 

modSLA surface was also shown to polarize the adaptive immune response towards a Th2, 

pro-wound healing, phenotype, leading to faster resolution of inflammation and increased 

mesenchymal stem cell recruitment at the early stage of bone healing (Hotchkiss et al., 2018). 

The wettability of a biomaterial is closely associated with the adherent surface proteins, blood 

clot and fibrin formation. Macrophages cultured on surfaces with different hydrophilicity have 

been found to alter protein expression profiles, thereby influencing cytokine secretions (Xie et 

al., 2020). However, the exact mechanism of the superior performance and immunomodulatory 

effects of modSLA has not been clearly elucidated.  

 

Clinically, Lang and co-authors (2011) investigated the healing characteristics of SLA® and 

SLActive® moderately rough surfaces in a human trial and reported that improved BIC was 

observed for the SLActive® surface compared to the conventional SLA® surface after 14 and 

28 days. They concluded that the overall healing characteristics for both SLActive® and SLA® 

surface were similar, yet the degree of osseointegration was superior for the SLActive® surface 

after 2 and 4 weeks (Lang et al., 2011). The results are in accordance with pre-clinical trial 

observations. A subsequent study elucidated that the modSLA surface exerted a pro-osteogenic 

and pro-angiogenic influence on gene expression at day 7 following implant insertion, which 

could account for the superior osseointegration properties of the surface (Donos et al., 2011).  
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In experimentally induced diabetic conditions, it has also been demonstrated that the modSLA 

surface enhanced de novo bone formation and osseointegration potential both in small and large 

animal studies (R. S. B. Lee, Hamlet, & Ivanovski, 2017; S. B. Lee et al., 2013; Nevins et al., 

1999; Schlegel et al., 2013). In one of the studies, the modLSA surface was shown to promote 

M2-like macrophage phenotype differentiation, albeit the uncontrolled diabetic conditions 

greatly increased the expression of pro-inflammatory cytokines and M1 macrophage 

phenotype population (R. S. B. Lee et al., 2017). These studies were undertaken in 

streptozotocin induced Type I diabetic animal models. Although Type I diabetic animal models 

are useful to study the consequence of hyperglycaemia, the results from this model are less 

likely to be applicable to the complex clinical scenario of Type 2 diabetes (Malaisse & Sener, 

2008).  

 

1.6. Conclusion 

 

This literature review summarises the complex and highly controlled biological events of 

wound healing and considers how these delicately balanced physiological healing mechanisms 

could be adversely affected by the hyperglycaemic and chronic inflammatory conditions of 

diabetes. Attention was given to particular immune cells, macrophages, as they play a pivotal 

role in orchestrating the initiation and the resolution of inflammation at the early stage of 

healing. A timely transition of inflammatory status from ‘pro-inflammatory’ to ‘anti-

inflammatory’, is believed to be a crucial biological step in order to achieve successful wound 

healing and there is increasing evidence supporting the notion that macrophages are responsible 

for this ‘switch’ of microenvironment by expressing a spectrum of different phenotypes, that 

is,  M1 and M2(a-d). This important cellular phenomenon of M1 and M2 phenotypic transition 

is apparently disrupted in diabetes due to various systemic and local factors, however the 

underlying cellular mechanisms have not been fully elucidated. 

Recently, the concept of osteoimmunology was introduced as accumulating evidence suggests 

that the skeletal and the immune systems closely interact and influence each other to regulate 

bone homeostasis. Subsequently, the emergence of osteoimmunology inspired the idea of 

modulating both the skeletal and immune systems via biomaterials to enhance osseous healing. 

Multiple osteoimmuomodulatory strategies, such as topographical, chemical and hydrophilic 

modification, have been proposed and employed in order to improve the osseous healing 
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potential of biomaterials. Indeed, such improvement of biomaterial properties have resulted in 

positive pre-clinical and clinical outcomes. However, there is a lack of evidence in the current 

literature on whether these osteoimmunomodulatory effects of biomaterials would have 

resulted in similar clinical outcomes in diabetes, where any improvement to the immune and 

skeletal systems would be considered as beneficial.  
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Research Hypothesis 
 

The hypothesis is that a hydrophilic moderately rough titanium surface (modSLA) promotes 

M2 macrophage phenotype polarization at the early inflammatory phases of osseous healing, 

creating a microenvironment where osteogenesis can readily take place, even under 

systemically compromised conditions such as diabetes. 

 

Aims 
 

This research project’s broad objective was to evaluate the immunomodulatory effects of a 

hydrophilic moderately rough titanium surface (modSLA) on osseous healing in type-1 and 

type-II diabetic conditions. A particular focus was the investigation of the effect of titanium 

surface characteristics on macrophage phenotype polarization and the inflammatory state of 

osseous defects at various time points, in order to elucidate the immunomodulatory potential 

of the biomaterial. For this purpose, the project was divided into three parts:  

 

• Part 1 – The influence of a modified Ti surface (modSLA) on macrophage phenotype 

polarization was investigated at the early stages of osseous healing in an experimentally 

induced Type-1 like diabetic animal model (Chapter 2).  

 

• Part 2 – Assessed the effects of biomaterial-induced immunomodulation on 

macrophage phenotype and subsequent paracrine gene expression by osteoblasts in 

vitro (Chapter 3). 

 

• Part 3 – The effects of titanium surface modification on macrophage phenotype, 

subsequent osteoblastic activity and osseous healing were also assessed in a Type-II 

diabetic model (Chapter 4).  

 

The specific aims of the research project were the following:  

 

• To investigate whether titanium surface modification has any immunomodulatory 

effects in a hyper-proinflammatory systemic environment, that is, experimentally 

induced type I-like diabetic condition (Chapter 2).  
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• To demonstrate and histomorphometrically confirm the superior osteogenic potential 

of the modified surface (modSLA) in diabetic conditions (Chapters 2 & 4). 

 

• To evaluate the effects of surface characteristic driven immunomodulatory effects on 

macrophage phenotype polarization and subsequent paracrine gene expression by 

osteoblasts (Chapter 3).  

 

• To investigate the immunomodulatory effects of titanium surface modification on 

macrophage polarization and inflammation in a more clinically relevant type II diabetic 

animal model (Chapter 4).  
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ABSTRACT 

 

This study assessed the effect of titanium surface modification on macrophage phenotype 

polarization and osseous healing under diabetic conditions. Critical-sized calvarial defects 

were created in healthy and streptozotocin induced type I diabetic Sprague-Dawley rats. 

Titanium (Ti) discs with either large-grit sandblasted and acid-etched micro-rough (SLA) or 

hydrophilic-modified SLA (modSLA) surfaces were used to cover the healing defect for a 

period of up to 28 days. Samples of the exudate within the calvarial defect and beneath the 

titanium discs were collected 1, 4 and 7 days post-surgery for inflammatory cytokine analysis 

using an ELISA. The macrophage phenotype(s) on the Ti disc surfaces were determined by 

CD11c+ (M1) and CD163+ (M2) immunofluorescent staining. Samples of the healing defects 

at days 14 and 28 were also prepared for histomorphometric analysis. 

Cytokine levels in the diabetic animals were higher than those of the healthy group throughout 

the observation period. The modSLA surface significantly reduced MIP-2 levels at day 1 in 

both diabetic and healthy animals, and MCP-1 levels at day 4 in the diabetic animals. Immuno-

fluorescent staining showed that an M2-like macrophage phenotype was more frequently found 

on the modSLA surface at day 1 in healthy, and day 4 in both healthy and diabetic animals. 

Histomorphometric analysis showed more new bone formation on the modSLA surface at day 

14 and 28 in both groups, although statistically significant differences were only found in the 

healthy group.  

Diabetic conditions greatly increased the expression of pro-inflammatory cytokines during 

osseous healing. The modSLA surface was shown to promote an M2-like macrophage 

phenotypic response in titanium adherent macrophages despite the significantly elevated 

inflammatory environment induced by uncontrolled type I diabetes. Modulation of the 

macrophage phenotype by the modSLA surface in the early healing period was associated with 

osseous healing under both healthy and uncontrolled diabetic conditions. 
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2.1. Introduction 
 
Impaired wound healing is one of the serious pathophysiological complications of diabetes 

mellitus. Numerous clinical and experimental studies have reported osteoporotic skeletal changes 

and impaired fracture healing associated with diabetes (McCabe 2007; Retzepi et al. 2010b), often 

referred to as “diabetic bone disease” or “diabetic osteopathy” (Bouillon 1991). The compromised 

ossification in diabetes affects not only endochondral bone, but also intramembranous bone 

(Follak et al. 2004; Retzepi et al. 2010a; Lee et al. 2013), which in turn, may increase the risk 

of early dental implant failure. Indeed, it has been reported that hyperglycaemic conditions are 

directly related to delayed osseointegration, both in terms of quality and quantity (Nevins et al. 

1998; Oates et al. 2009).  

It is still not well understood what factors determine the adverse bone healing outcomes under 

diabetic conditions. Several underlying cellular mechanisms have been proposed which mainly 

focus on impaired proliferation and differentiation of osteo-progenitor cells (Gandhi et al. 2005; 

McCabe 2007; Retzepi et al. 2010b). However, inflammation, whose role is not only to enable 

host protection against pathogens, but also to stimulate and modulate wound repair and healing, 

is another important biological mechanism that may be impaired in diabetes (Kraakman et al. 

2014). In this context, the role of macrophages in osseointegration becomes essential, as these 

cells are key mediators of the inflammatory response that orchestrate the innate and adaptive 

immune responses that ultimately lead to tissue repair.  

In response to stimuli, macrophages undergo polarisation leading to the emergence of a spectrum 

of distinct functional phenotypes (Mantovani et al. 2013). At one end of this spectrum, classically 

activated ‘M1 phenotype’ macrophages induce a pro-inflammatory state to promote and recruit 

other immune cells by secreting pro-inflammatory cytokines such as TNF-α and IL-1α. At the 

other end of the spectrum, alternatively activated ‘M2 phenotype’ macrophages are associated 

with the resolution of inflammation, angiogenesis, fibrogenesis and tissue repair. Although it is 

essential to have an initial M1-mediated pro-inflammatory response prior to the activation of 

repair via the M2 phenotype, prolonged or uncontrolled M1 mediated inflammation leads to poor 

reparative outcomes in response to implanted biomaterials (Badylak et al. 2008). Macrophage 

function, including phagocytic activity, is well known to be compromised in diabetes (Maruyama 

et al. 2007; Abrass & Hori 1984). Moreover, it has been reported that under diabetic conditions, 

macrophages produce high levels of pro-inflammatory cytokines (Weisberg et al. 2003; Goren et 

al. 2007; Khanna et al. 2010), resulting in the dysregulation of the M1/ M2 polarization axis. 
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Inflammation has been shown to be one of the key biological mechanisms regulated during the 

early healing period associated with osseointegration and guided bone regeneration (Ivanovski et 

al. 2011a,b). There is also strong evidence that both the extent and speed of dental implant 

osseointegration are influenced by its surface topography and chemistry (for review, see 

Wennerberg & Albrektsson 2009). The moderately rough implant surface has been widely 

studied both in vivo and in vitro and has been shown to have superior pro-osteogenic and anti-

inflammatory properties compared to minimally rough (machined) surfaced implants (Omar et 

al. 2011; Wennerberg & Albrektsson 2009). Additional modification of the SLA surface 

leading to increased hydrophilicity, reduced carbon contamination and a nano-scale surface 

topography (modSLA: SLActive®, Straumann, Basel, Switzerland) has been shown to 

enhance osteoblast differentiation (Vlacic-Zischke et al. 2011; Jimbo et al. 2008) and promote 

an earlier activation of the reparative M2 macrophage response in vitro (Hamlet et al. 2012; 

Alfarsi et al. 2014; Hotchkiss et al, 2016). Animal studies have demonstrated superior early 

osseointegration of modSLA implants, as compared with standard SLA implants (Buser et al. 

2004; Bornstein et al. 2008), and these findings have been confirmed in humans (Lang et al. 

2011). Furthermore, it has also been demonstrated that the modSLA surface enhanced de novo 

bone formation and osseointegration as compared to the SLA surface in diabetic animal models 

(Schlegel et al. 2011; Lee et al. 2013).  

 

The cellular and molecular mechanisms responsible for these superior outcomes are not yet 

well understood and at present there are no published studies that have investigated the effects 

of implant surface modification on osseous healing from the inflammatory response 

perspective, especially in diabetic conditions. This study therefore aims to determine whether 

macrophage phenotype polarization and osseous healing differ in response to two types of 

titanium surfaces in a type 1 diabetic animal model.   
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2.2. Materials & Methods 
 
2.2.1. Animals and diabetes induction:  

Experimental protocols were approved by the Griffith University animal ethics committee 

(DOH/01/11/AEC). This in vivo study has been designed and performed according to the 

ARRIVE guidelines (NC3Rs, UK). Thirty 12-week old female Sprague – Dawley rats (250 ± 

20g) were used. The animals were randomly allocated into two groups: healthy (H) (n=15) and 

uncontrolled diabetes (D) (n=15).  

Diabetes was induced by a single intraperitoneal injection of streptozotocin (Sigma-Aldrich, 

Dorset, UK) dissolved in citrate buffer (0.01 M pH 4.3) at a dose of 70 mg/kg of body weight. 

The onset of diabetes was confirmed seven days following streptozotocin (STZ) delivery and 

at the time of surgery and sacrifice (Fig. 1f) via testing of fasting serum glucose concentrations 

(Accu-Check Advantage; Roche Diagnostics, Indianapolis). 

 

Figure 1. a. Critical size defects (4mm in diameter) were created on the calvaria and PTFE 

membranes were placed over the dura mater. b. Either SLA or modSLA Ti discs (5mm in 

diameter, Straumann, Basel, Switzerland) were placed. Ti pin (2mm in height) was placed to 

provide further stability of the Ti disc. c. At the time of sacrifice, the exudates, granulation 
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tissues and Ti discs collected for multiple data analyses. d. Histomorphometric analysis for 

defect closure percentage (%) was calculated as a ratio of New Bone Bridge (NBB) length to 

Calvarial Defect (CD) width. M – Membrane, ID – Implant Disc. e. Histomorphometric 

analysis for total bone formation (%) was calculated as a ratio of total new bone (TB – Green 

Border) formed within the area defined by the calvarial defect (ROI – Red Border). f. Average 

blood glucose level (BGL) during the observation periods. BGL (>20mmol/L) was consistent 

for the diabetic group. 

 

2.2.2. Surgical Procedure:  

General anaesthesia was achieved via Isoflurane inhalation (1-3% Mediquip Isoflurane, UK). 

The surgical site was first disinfected with 50mg/mL Povidone-Iodine (Betadine, 

Mundipharma BV, Netherland). A sagittal single incision was then made, and a full thickness 

periosteal flap was raised. Two circular osseous defects were created in the calvaria by means 

of a trephine bur (internal diameter of 4.0 mm) with copious isotonic solution (0.9% Saline) 

irrigation (Fig.1a). A non-resorbable PTFE membrane (Cytoplast, Osteogenics, Lubbock, TX) 

was placed on top of the exposed dura mater in order to prevent soft tissue infiltration into the 

newly created osseous defects (Fig. 1a). One SLA and one modSLA titanium disc (5 x 1 mm, 

Straumann, Basel, Switzerland) was then placed on top of the defects in each animal (Fig. 1b). 

The discs were randomly assigned by a coin toss to the calvarial defects. The surface properties 

of the discs have been comprehensively characterized in numerous published studies, including 

several from our group (Vlacic-Zishke 2011, Hamlet et al 2012; Alfarsi et al 2014).  

In order to prevent post-surgical displacement of the discs, a sterile titanium pin 

(0.017”/0.425mm MAX Pin, USA) was placed between the discs as shown in Fig. 1b and a 

collagen membrane (Bio-Gide, Geistlich, Switzerland) was used to cover the discs before the 

closure of the flap to provide further stabilisation and soft tissue occlusion. The wound was 

closed with multiple simple interrupted sutures in layers (periosteum and skin) using resorbable 

and non-resorbable suture materials (Vicryl 5.0, Ethicon, Germany and Prolene 5.0). Post-

operative analgesia (Buprenorphine 0.05mg/kg SC and Carprofen 4mg/kg SC) and 

prophylactic antibiotic cover (2.5 mg/kg per day per os) was given for the first 7 days post-

surgery. Three animals / group were allowed to heal for 1, 4, 7, 14 and 28 days respectively 

after which the animals were euthanized and samples collected for analysis. 

 

2.2.3. Cytokine secretion analysis:   
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The exudate within the calvarial defect beneath the titanium discs (Figure 1c) was collected 

into 100μl PBS containing 10μl protease inhibitor cocktail (Protease arrest reagent, Merk 

Millipore, Bayswater, VIC, Australia) at days 1, 4 and 7 post-surgery. A multiplex ELISA 

(Bio-Plex Pro, Bio-Rad, Gladesville, New South Wales) was subsequently used to determine 

the concentrations of six chemokines and cytokines (IL1α, IL1β, TNFα, MCP1, IL10 and MIP2) 

as per the manufacturer’s instructions. The principle of the assay is similar to a capture 

sandwich immunoassay i.e. an antibody to the target protein is covalently coupled to internally 

dyed beads. When the beads are incubated with the sample, the protein of interest is captured 

and then a biotinylated antibody for a different epitope is added to the reaction, which is then 

detected with streptavidin-phycoerythrin. Using a dual-laser flow-based reader, beads are 

analyzed for the detection antibody and the internal bead signature, identifying both the protein 

analyzed and the level bound to the bead. The assay detection limits (routinely <10pg/mL) are 

defined by the concentration of analyte corresponding to the median fluorescent intensity (MFI) 

of the background (or zero standard) plus two standard deviations of the mean background 

MFI. 

 

2.2.4. Macrophage Immuno-fluorescence Staining:  

The titanium discs from the day 1, 4 and 7 cytokine samples were collected and fixed in 4% 

paraformaldehyde. The discs were then washed with PBS and blocked with 1% BSA in PBS-

0.1% Tween20 for 1 hour at room temperature. Subsequently, the discs were probed overnight 

at 40C with both rabbit polyclonal rat Integrin αX IgG (CD11c) and mouse monoclonal rat 

CD163 antibodies (sc-30137and sc-58965 respectively, Santa Cruz Biotechnology, VWR 

International, Murarrie, QLD, Australia). After washing, the discs were incubated with 

secondary PE-goat anti-rabbit IgG and FITC-goat anti mouse IgG at room temperature for 1 

hour, then counterstained with DAPI and mounted on microscope slides using anti-fade gold 

(Cell signaling technologies, Merk Millipore, Bayswater, VIC, Australia). Fluorescent 

microscopy (Zeiss M2) was used to detect the staining (ZEN software package, Zeiss, NSW, 

Australia). The mean fluorescence (CD11c+ and CD163+) intensity from four fields of view 

chosen randomly per disc were used to calculate the M1 to M2 macrophage phenotype ratio 

using ImageJ software (NIH, Maryland, US). 

 

2.2.5. Histomorphometric analysis:  
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Calvarial specimen with the attached titanium discs were collected 14 and 28 days post-surgery 

and fixed in 10% neutral buffered formalin for 1 week. After fixation, the specimens were 

dehydrated in ethanol, embedded in methacrylate (Technovit 7200, Heraeus Kulzer, Wehrheim, 

Germany) and 30 µm ground histological sections were prepared. Toluidine blue stained 

central sections were scanned at 20 and 40x magnification (Aperio Scanscope, Lecia Biosystems, 

North Ryde, NSW, Australia) after which the percentage of new bone formation and defect 

closure in the osseous defects were assessed using the ‘Imagescope’ software package (Lecia 

Biosystems, North Ryde, NSW, Australia) (Fig. 1 d, e). 

 

2.2.6. Statistical analysis:  

The significance of any difference between means for the histomorphometric and cytokine 

analyses at each observation period for both healthy and diabetic groups and the titanium surfaces 

(SLA and modSLA) were assessed by two-way analysis of variance (ANOVA) and subsequent 

post hoc (Tukey) analysis. The assumptions underlying the ANOVA were checked by a study of 

the residuals. Possible surface effects on macrophage phenotype at each time point were 

determined by calculating the ratio of M1 to M2 marker expression. The significance of any 

difference in the mean M1/M2 ratio for each surface at each time point was assessed using the 

Students t-test. A result was considered statistically significant if the p value was <0.05.  

 

2.3. Results 

Five animals from the diabetic group developed signs of acute infection postoperatively. One 

further animal was lost post-operatively due to uncontrolled diabetes. These six animals were 

subsequently replaced with others from the same rat strain and underwent the same protocol 

so only animals with no obvious signs of infection were included in the final analyses. The 

healing was uneventful in the healthy group. 

 

2.3.1. Histomorphometric analysis:  

Histomorphometric analysis showed significantly higher (p = 0.013) percentage (mean ± SEM) 

new bone formation associated with the modSLA surface compared to the SLA surface at Day 

14 in the healthy (30.3 ± 5.4 c.f. 6.6 ± 3.17%) animals (Fig. 2). In the diabetic animals at Day 

14, there was also a trend of more new bone formation with the modSLA surface but this 

difference was not statistically significant (modSLA; 17.47 ± 4.21 c.f. SLA; 13.5 ± 2.81%). At 

Day 28, newly formed bone was more mature in appearance, showing less cellular content and 
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a more organised lamellar structure (Fig. 2e, f). The modSLA surface showed significantly 

higher new bone formation than the SLA surface in the healthy animals (69.3 ± 9.73 c.f. 28.4 

± 7.54%) (p = 0.002). Similar to Day 14, while there was a trend of more new bone formation 

with the modSLA surface in the diabetic group, it failed to reach statistical difference (56.8 ± 

2.96 c.f. 45.1 ± 10.7%). (Fig. 2g). 

 

The mean percentage total defect closure (mean ± SEM) showed that the modSLA surface 

resulted in significantly higher osseous bridge formation across the critical sized defects at Day 

14 in the healthy group (69.2 ± 9.26 c.f. 28.4 ± 7.49%) (p = 0.0027). In the diabetic animals at 

Day 14, there was a trend of more new bone bridge formation associated with the modSLA 

surface but this difference was not statistically significant (modSLA; 57.6 ± 2.28 c.f. SLA; 34.0 

± 9.88%)  (Fig. 2h). The mean defect closure percentage under the modSLA and SLA surface 

in both the healthy (100 c.f. 90.4 ± %) and diabetic (94.5 ±  c.f. 95.9 ± %) groups respectively 

was not significantly different at Day 28 (Fig. 2h).  
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Figure 2. a-f. Toluidine blue stained histologic sections (x20) of the calvarial defects under 

the SLA and modSLA (*) Ti discs at Day 14 and 28 of healing in the healthy (a, c) and diabetic 

(b, d) animals respectively. e, f. Inset x40 histologic images of c and d, respectively.  NB: New 

Bone. g. Histomorphometric analysis of total defect closure (%) under the SLA and modSLA 

discs in the healthy and diabetic groups. h. Histomorphometric analysis of total bone formation 

(%) under the SLA and modSLA discs in the healthy and diabetic groups. * Statistical 

significant p value of 0.05. 

 

2.3.2. Cytokine secretion analysis:  

In healthy animals (Fig. 3a-f), comparison at day 1 of the cytokine levels within the exudates 

showed that MIP-2 was significantly (p = 0.035) lower in the modSLA treated defects.  By day 
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4, the cytokine levels in the exudates under both disc types decreased on average 10 fold, apart 

from MCP-1 and TNF-α whose levels were only moderately lower (~2 fold) at this time. The 

low levels of the cytokines IL-1α, IL-1 and MIP-2 observed at day 4 under both surfaces 

remained at low levels after 7 days of healing. MCP-1 and TNF-α levels were also relatively 

unchanged at day 7 (~50% of their day 1 levels). Only the levels of IL-10 in the exudates under 

both disc types increased, although this difference did not reach statistical significance.  

 

In the diabetic animals, cytokine levels in the exudates associated with both disc types (Fig. 3 

g-l) were at least 5 fold more than those found in the healthy animals at Day 1. As in the healthy 

group, the level of MIP-2 was significantly lower in the exudates from the modSLA covered 

defects at day 1. Interestingly, the level of IL-1α with both the SLA (p = 0.033) and modSLA 

surfaces increased over the 7 day period in contrast to a reduction in IL-1α levels over time in 

healthy animals. While the levels of MCP-1 in the exudates from both surfaces decreased over 

the 7 day observation period, the decrease in MCP-1 in the SLA defect was delayed, with levels 

at day 4 significantly (p = 0.028) higher compared to the modSLA surface. The IL-10 levels in 

both discs remained relatively unchanged throughout the observation periods unlike in the 

healthy animals. TNF-α levels were also unchanged with the SLA surface over the 7 days, 

whereas the levels decreased significantly (p = 0.022) by day 4 in the modSLA surface as in 

the healthy animals.       
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Figure 3. Inflammatory cytokine levels (mean ± SEM) in the healthy (a-f) and diabetic (g-l) 

groups. *p < 0.05 compared to Day 4, ^p < 0.05 compared to Day 7, #p < 0.05. 
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2.3.3. Immunohistochemistry:  

In both the healthy and diabetic groups, the M1 macrophage phenotype was predominant on 

the SLA surface at day 1 (Fig. 4 a,g). A mixed M1 and M2 macrophage phenotype was 

observed on the modSLA surface in the healthy group (Fig. 4d), whereas a M1 phenotype was 

seen in the diabetic group (Fig. 4j).  

By Day 4, a mixture of phenotypes was now seen on the SLA surface in the healthy group (Fig. 

4b), whereas a persisting M1 phenotype was a common feature on the SLA surface of the 

diabetic group (Fig. 4h). Moreover, it appeared that there was more M2 phenotype expression 

on the modSLA surface than the SLA surface in both healthy and diabetic groups (Fig. 4 e,k) 

at this time-point.   

The M1/M2 ratio was significantly higher on the SLA compared with the modSLA surface at 

days 1 (p = 0.02) and 4 (p = 0.001) for the healthy animals but was only significantly higher in 

the diabetic group at day 4 (p = 0.02) (Fig. 4m, n). By day 7, there were no significant 

differences in the M1/M2 ratio between the surfaces in either group.  
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Figure 4. a-f: Immunofluorescent staining of macrophages (CD11c+; Red – M1 phenotype, 

CD163+; Green – M2 phenotype, DAPI; Blue – Nucleus) adhering to the Ti discs in the healthy 
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group. a, d. Images for Day 1 for SLA and modSLA surface, respectively. b, e, Images for Day 

4 for SLA and modSLA surface, respectively. c, f, Images for Day 7 for SLA and modSLA 

surface, respectively. Images were taken at x100 (a, c, d, e, g, h, j, and l) and x200 (b, f, I and 

k) magnification. g-l: Immunofluorescent staining of macrophages adhering to the Ti discs in 

the diabetic group. g, j. Images for Day 1 for SLA and modSLA surface, respectively. h, k. 

Images for Day 4 for SLA and modSLA surface, respectively. i, l. Images for Day 7 for SLA 

and modSLA surface, respectively. m. M1/M2 expression ratio in the healthy group. n. M1/M2 

expression ratio in the diabetic group. * Statistical significant p value of 0.05. 

 

2.4. Discussion 

In the osseous healing model utilized in this study, histomorphometric analysis showed that 

the mean de novo bone formation and defect closure was higher with the modSLA surface than 

the SLA surface in the healthy group. In the diabetic animals, there was also a trend of more 

new bone formation with the modSLA surface. These results are in agreement with previous 

studies which showed the modSLA surface promoted earlier osseous healing in both health 

(Buser et al. 2004; Lang et al. 2011; Ivanovski et al. 2011a; Donos et al. 2011) and 

compromised systemic conditions (Schlegel et al. 2011; Lee et al. 2013).  

The unpredictable nature of wound healing in diabetes may explain why the positive effect of 

the modSLA surface was not statistically significant in the diabetic group. In this animal model, 

blood glucose levels remained high (BGL > 20 mmol/L) but uncontrolled fluctuations of the 

BGLs may have contributed to less predictable osseous healing outcomes at day 14, 

particularly in the diabetic SLA group. Unpredictable histomorphometric outcomes in a similar 

STZ induced Type I diabetic animal model have been reported in previous pre-clinical studies 

(Retzepi et al. 2010a; Lee et al. 2013).  

In the diabetic group, very high inflammatory cytokine levels were shown to be secreted into 

the healing defect throughout the early healing period up to 7 days. In contrast, cytokine 

secretion analysis showed that in healthy animals the initial cytokine levels rapidly decreased 

by day 4 and remained at low levels for the rest of the observation periods. The enhanced 

cytokine levels may be attributable to the immuno-cellular dysfunction of recruited immune 

modulators (such as macrophages) and / or the pro-inflammatory local environment in diabetes 

resulting in uncontrolled inflammation. Indeed, there were six cases of acute infection in the 

diabetic group whereas all the healthy group animals healed uneventfully. Similar adverse 
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healing outcomes have also been reported, using this STZ induced Type 1 diabetic model 

(Retzepi et al. 2011a; Lee et al. 2013). 

 

Changes in the level of pro-inflammatory cytokines under the modSLA surface in both the 

healthy and diabetic groups suggested that the inflammatory response was modulated by the 

modSLA surface properties, even under the enhanced inflammatory conditions induced by the 

uncontrolled diabetes. In particular, the levels of the pro-inflammatory chemokines, MIP-2 at 

day 1 in both healthy and diabetic conditions and MCP-1 at day 4 for the diabetic group were 

significantly lower under the modSLA surface than the SLA surface. MCP-1 (also known as 

CCL2) is a major chemokine that induces the recruitment and activation of monocytes, T cells, 

and NK cells at the early inflammatory phases (Morimoto et al. 2006). MIP-2 is another 

important chemokine in the wound healing stages that attracts mainly polymorphonuclear 

granulocytes (Diab et al. 1999). Down-regulation of these chemokines could therefore play a 

role in the improved healing seen in response to the modified surface (Schlegel et al. 2011; Lee 

et al. 2013). 

These in vivo results are in agreement with previous in vitro studies, which demonstrated that 

the modSLA surface could modulate the macrophage response resulting in reduced levels of 

pro-inflammatory cytokine secretion (Hamlet et al. 2012; Alfarsi et al. 2014; Hotchkiss et al, 

2016). The correlation between reduced pro-inflammatory cytokine levels and improved 

osseous wound healing under the modSLA surface seen histologically at day 14 suggests that 

modulation of inflammation may be a key early biological mechanism responsible for the 

improved clinical performance of the modSLA surface. However, it should be noted that the 

cytokines were assessed from exudates collected within the calvarial defects, and hence the 

cytokines levels cannot be exclusively attributed to macrophage activity.  

 

Macrophages play a vital role in mediating both inflammation and healing. In this context, 

macrophage polarization has been suggested as an important biological event which could 

determine the fate of the wound site. Broadly, depending on the stimuli received from the 

environment, macrophages can modify their metabolic functions to be a healing / growth 

promoting M2 phenotype, or a killing / inhibitory capacity M1 phenotype (Mills 2012; Italiani 

& Borachi 2014). A timely transition from an M1 pro-inflammatory to M2 reparative micro-

environment is important for the initiation of the anabolic processes that are important for bone 

repair (Schlundt et al. 2015; Spiller et al. 2015). In the present investigation, 
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immunofluorescent imaging of the cells that were adherent to the titanium surface was used to 

assess the effect of the surface characteristics on the macrophage phenotype in vivo. CD11c 

and CD163 were selected based on a recent comprehensive review by Chen et al. (2015) and a 

recent in vivo study (Ma et al. 2014), both of which advocated the utility of single markers to 

assess macrophage phenotype. It was shown that the M2 macrophage phenotype was a more 

dominant feature on the modSLA surface than on the SLA surface at the early observation 

periods (days 1, 4, & 7) in both groups. The ratio of M1 to M2 phenotypes on the modSLA 

surface was significantly lower at days 1 and 4 in the healthy group suggesting that the 

modSLA surface characteristics promoted an earlier polarisation to the M2 macrophage 

phenotype. These results are in accordance with a recent in vivo and in vitro study (Ma et al. 

2014). Moreover, in a recent study (Loi et al. 2016), M2 macrophages were shown to directly 

modulate osteoblastic activity using a co-culture methodology. The authors suggested that a 

transient inflammatory phase is crucial for enhanced osteogenesis. In the diabetic group 

however, the decrease in M1 macrophage phenotype expression was delayed until day 4 of 

healing. It has been suggested that diabetic conditions result in macrophage dysfunction 

manifested by exaggerated a pro-inflammatory M1 response and an attenuated M2 response. 

In an in vivo experimental study, Khanna and co-workers (2010) reported that dysfunctional 

macrophage efferocytosis increased apoptotic cell burdens at the wound sites in the diabetic 

condition, resulting in a prolonged inflammatory state with healing complications (Khanna et 

al. 2010). However, it is noteworthy that the surface marker, CD11c is also found on several 

other immune cells including PMNs and dendritic cells and hence caution is needed in 

interpreting the results. While multiple surface markers could provide greater specificity of M1 

and M2 macrophage phenotype determination, the collective data presented in this study 

provides substantial evidence that the hydrophilic modSLA surface results in a decreased 

M1/M2 macrophage ratio. 

The modSLA surface has several unique features compared to the parent SLA surface, 

including enhanced hydrophilicity/wettability, decreased carbon contamination and 

nanotopographical features, and it has been shown that both hydrophilicity and the presence of 

nanostructures contribute to a favourable bone healing response (Wennerberg et al. 2014).  A 

recent in vitro study investigating the relative effect of various modSLA properties on 

macrophage cytokine expression concluded that hydrophilicity/wettability imparted by high 

surface energy is the key factor in the immunomodulatory response (Hotchkiss et al. 2016).  

However, it has also been shown in vivo that nanostructure alone could promote healing-
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associated macrophage (M2) polarization resulting in higher bone-to-implant contact and new 

bone formation at the early stages of healing. Therefore, further investigation is warranted of 

the precise titanium surface characteristics that can modulate the inflammatory response for 

the purpose of promoting osseous healing. 

 

2.5. Conclusion 

A hydrophilic moderately rough titanium surface with nanotopography (modSLA) may 

modulate the early inflammatory response in vivo and promote polarization of macrophages to 

a M2-like phenotype, even in diabetic conditions where an exaggerated pro-inflammatory 

environment is a distinguishing feature. Immunomodulation may be an important mechanism 

to improve osseous healing under compromised systemic conditions. It should be noted 

however that this is a pilot animal study with a small sample size, and larger studies employing 

a range of pre-clinical and clinical models are required to confirm these findings. 
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ABSTRACT 

Objectives: As biomaterial-induced modulation of mediators of the immune response may be 

a potential therapeutic approach to enhance wound healing events, the aim of this study was to 

delineate the effects of titanium surface modification on macrophage phenotype and function. 

Material and methods: Rodent bone marrow derived macrophages were polarised into M1 and 

M2 phenotypes and cultured on micro-rough (SLA) and hydrophilic modified SLA (modSLA) 

titanium discs. Macrophage phenotype and cytokine secretion were subsequently assessed by 

immunostaining and ELISA, respectively. Osteoblast gene expression in response to culture in 

the M1 and M2 macrophage conditioned media was also evaluated over 7 days by RT-PCR.  

Results: M1-macrophage culture on the modSLA surface promoted an M2-like phenotype as 

demonstrated by marked CD163 protein expression, Arg1 gene expression and the secretion of 

cytokines that significantly up-regulated in osteoblasts the expression of genes associated with 

the TGFß/BMP signalling pathway and osteogenesis. In comparison, M2-macrophage culture 

on SLA surface promoted an inflammatory phenotype and cytokine profile that was not 

conducive for osteogenic gene expression. 

Conclusions: Macrophages are able to alter or switch their phenotype according to the signals 

received from the biomaterial surface. A hydrophilic micro-rough titanium surface topography 

elicits a macrophage phenotype associated with reduced inflammation.  
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3.1. Introduction 

 

Clinical studies have shown that the rate and the degree of osseointegration around endosseous 

titanium implants can be significantly improved by the modification of their surface 

topography and chemistry (Wennerberg & Albrektsson 2009). In attempting to understand the 

biological mechanisms associated with surface modification, considerable emphasis has been 

placed on the response of the osteoblast and its precursors. However, bone forming cells are 

relatively late arrivals at the surface-tissue interface and cells associated with the early 

inflammatory response such as macrophages are more likely to play a critical role in 

determining the resultant wound healing outcome as they will define the nature of the local 

micro-environment via autocrine and paracrine cell signalling. 

This relationship between the inflammatory response and the skeletal system is well established 

(Takayanagi 2007; Lorenzo & Choi 2005) and recent research has now focused on 

understanding how the surface properties of implanted biomaterials can modulate the 

behaviour of inflammatory response mediators such as macrophages, including their secretion 

of cytokines and chemokines, and associated paracrine biological roles such as bone formation. 

The inflammatory phase of the healing process starts within minutes after implant placement 

surgery (Enoch & Leaper 2008) and macrophages are one of the main cells that control the 

host’s response to foreign bodies such as titanium implants (Anderson et al. 2008) by releasing 

a wide array of molecules that can regulate the function of target cells (Cruse & Lewis 2010) . 

This secretory profile differs according to the macrophage phenotype and can thus orchestrate 

different phases of the host’s immune response. Classically activated M1 macrophages enhance 

the inflammatory response (Vega & Cobri 2006) while alternatively activated M2 macrophages 

initiate the resolution of inflammation and enhance repair (Gordon 2003) but notably, 

macrophages can also change their phenotype and thus their secretory profile according to 

changes in their microenvironment and interaction with biomaterials (Stout et al. 2005; 

Anderson & Jones 2007; Kou & Babensee 2011). 

Titanium surface induced modulation of the macrophage secretory profile has been 

demonstrated to affect both the osteoblastic differentiation of mesenchymal stem cells (Omar 

et al. 2011) and the osteogenic activity of osteoprogenitor cells (Lee et al. 2012). In the present 

study we’ve examined the effect of titanium surface topography and chemistry on macrophage 

phenotype using commercially pure titanium discs with either a large-grit blasted and acid-

etched micro-rough surface (SLA), or a hydrophilic-modified SLA (modSLA) surface. 
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Hydrophilicity and topographical surface modification of titanium have been shown in vitro to 

down-regulate macrophage inflammatory cytokine gene and protein expression (Hamlet & 

Ivanovski 2011; Hamlet et al. 2012; Alfarsi et al. 2014). Moreover, in vivo, transcriptional 

changes during the osseointegration of titanium implants have shown that the initial expression 

of immuno-inflammatory response associated genes during the early stages of osseointegration 

are subsequently replaced temporally with the expression of genes associated with osteogenesis 

amongst others (Ivanovski et al. 2011).  

During wound healing it is essential to have an initial M1-mediated pro-inflammatory response prior to the 

activation of repair via the M2 phenotype. Prolonged or uncontrolled M1 mediated inflammation leads to 

poor reparative outcomes in response to implanted biomaterials (Badylak et al. 2008). An attenuation of 

the inflammatory process and / or an accelerated transition to a reparative micro-environment 

would therefore provide a plausible biological mechanism to explain the earlier bone formation 

and ultimately earlier osseointegration seen around surface-modified titanium implants 

clinically (Lang et al. 2011). The aim of the present study therefore was to evaluate the effects 

of biomaterial-induced immunomodulation on macrophage phenotype and subsequent 

paracrine gene expression by osteoblasts. 
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3.2. Materials and Methods 

 

3.2.1. Titanium 

Grade II commercially pure titanium discs (1mm thick, 15 mm diameter, Institut Straumann 

AG, Basel, Switzerland) with either a micro-rough (SLA), or hydrophilic-modified micro-

rough (modSLA) surface were used in the study. Micro-rough surface modification was 

obtained by blasting a machined titanium surface with 250 – 500μm corundum grit followed 

by dual acid etching with hot hydrochloric and sulphuric acids. The hydrophilic surface is 

achieved by rinsing the SLA disks under N2 protection and storing in isotonic saline. 

 

3.2.2. Cell Culture  

Rodent macrophages: Monocytes collected by flushing bone marrow from the femur with 

αMEM media supplemented with 10% fetal bovine serum (FBS) and 1% penicillin – 

streptomycin (P/S) were incubated overnight in media with 10ng/ml MCSF. Non-adherent 

cells were collected and cultured in medium containing 30ng/ml MCSF for a further 4 days 

before differentiation into either M1 or M2 macrophages by incubation with either 100ng/ml 

LPS or 20ng/ml IL4 respectively. M1 and M2 phenotype was confirmed by analysis of IL-1 

and IL-10 cytokine secretion respectively by ELISA (Figure 1a & b). 

Human macrophages: Monocytes (THP-1, ATCC, Manassas, USA) were allowed to 

proliferate in RPMI-1640 (Invitrogen, VIC, Australia) supplemented with 10% fetal bovine 

serum (Invitrogen, VIC, Australia) and 1% penicillin/streptomycin (Invitrogen, VIC, Australia) 

at 370C in a 5% CO2 atmosphere. The monocytes were subsequently induced to differentiate 

into macrophages by incubation with 100ng/ml phorbol myristate acetate (PMA, Sigma-

Aldrich, NSW, Australia) for two days followed by further two days’ incubation without PMA. 

Human osteoblasts: hFOB (ATCC, Manassas, USA) were cultured in a 1:1 mixture of Ham’s 

F-12 and Dulbecco’s Modified Eagle Medium (DMEM/F-12) without phenol red and 

supplemented with 10% fetal bovine serum (Invitrogen, VIC, Australia) and 300μg/ml 

Geneticin (Invitrogen, VIC, Australia) at 340C in a 5% CO2 atmosphere to induce osteoblast 

proliferation. The temperature was then raised to 37oC for a week to facilitate differentiation. 

The cells were then detached with 0.25% Trypsin/EDTA (Invitrogen, VIC, Australia) pending 

co-culture with the macrophages. 
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Figure 1. Confirmation of successful M1 and M2 macrophage polarization is shown by 

significant increases in (a) IL1b and (b) IL10 following 48hours macrophage culture in the 

presence of 100ng/ml LPS or 20ng/ml IL4 respectively. 

 

3.2.3. Macrophage Response to Titanium Surfaces 

Phenotype Marker Expression: M1 and M2 rat macrophages were cultured separately on SLA 

or modSLA surfaces (5x104 cells per disc) in tissue culture plates in DMEM (Gibco, Grand 

Island, NY) supplemented with 1% P/S, 10% FBS and 30ng/ml MCSF at 370C in a humidified 

5% CO2 atmosphere for up to 7 days. Titanium discs were subsequently removed and fixed in 

4% paraformaldehyde. The discs were then washed twice with PBS and blocked with 1% BSA 

in PBS-0.1% Tween-20 (PBST) for 1 hour at room temperature. The macrophages were probed 

with rabbit polyclonal anti-rat Integrin αX IgG (CD11c, M1 phenotype marker) and mouse 

monoclonal anti-rat CD163 (M2 phenotype marker) antibodies diluted 1:250 in 1% BSA in 

PBS at 40C overnight (sc-30137and sc-58965 respectively, Santa Cruz Biotechnology). After 

washing x3 with PBST for 5 minutes, the discs were incubated with secondary PE-goat anti-

rabbit IgG and FITC-goat anti mouse IgG diluted 1:50 in PBS at room temperature for 1 hour. 

The discs were washed x3 with PBS, counterstained with DAPI and mounted on microscope 
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slides using anti-fade gold (Cell signalling technologies, Merk Millipore, VIC, Australia). 

Fluorescent microscopy (Zeiss M2) was used to image the discs that were subsequently 

analysed using the ZEN (Zeiss, North Ryde, NSW, Australia) and Image J (http://imagej.net/) 

software packages. 

Gene Expression: The gene expression of M1 (INOS) and M2 (ARG1) phenotype markers by 

macrophages at days 1, 4 and 7 of culture was assessed by real-time PCR. Total RNA was 

purified using TRIZOL reagent (Invitrogen) and RNeasy Plus Mini Kit (Qiagen, CA, USA) 

according to the manufacturer’s instructions. M-MuLV Reverse Transcriptase was used to 

prepare complementary DNA and real-time PCR analysis was performed using KAPA SYBR 

FAST Master Mix (Kapa Biosystems, Boston, MA) and gene-specific primers (Table 1). 

Cytokine Secretion: A multiplex ELISA (Bio-Plex Pro, Bio-Rad, Gladesville, New South 

Wales) was used to determine the concentrations of seven chemokines and cytokines (IL1α, 

IL1β, TNFα, MCP1, IL10, MIP2 and RANTES) in the macrophage culture media as per the 

manufacturer’s instructions. 

 
Gene Sense (5’ – 3’) Antisense (5’ – 3’) 

ARG1 AAGAAAAGGCCCATTCACCT CACCTCCTCTGGTGTCTTCC 

INOS CTACCTACCTGGGGAACACCTGGG GGAGGAGCTGATGGAGTAGTAGCGG 

COL1 GGAGAGAGCATGACCGATGG GAATCGACTGTTGCCTTCGC 

ALP TCGGACAATGAGATGCGCC TGGGAGTGCTTGTGTCTAGG 

BMP2 CAGCGAGTTTGAGTTGAGGCTG TCCGCAGATGTGAGAAACTCATC 

BSP ATGGAGATGGCGATAGTTCGG TGAGAGTGTGGCGTTCTCTGC 

RUNX2 CCTGAACTCAGCACCAAGTCCT ACGTCATCTGGCTCAGATAAGAGG 

OCN GCCCTGACTGCATTCTGCCTCT TCACCACCTTACTGCCCTCCTG 

GAPDH CAAGTTCAACGGCACAGTCAAG ACATACTCAGCACCAGCATCA C 

 

Table 1. rt-PCR primers used in the study. 

 

3.2.4. Macrophage – Osteoblast Co-culture  

Primary rat calvariae osteoblasts (R-OST-583, Lonza, Waverley, VIC) were allowed to attach 

to 24-well tissue culture plates (5x104 cells/well) for 24 hrs. Culture media previously collected 

at days 1, 4 and 7 from M1 and M2 macrophages cultured on the two different titanium surfaces 

was then used as a conditioned media for 72 hr osteoblast co-culture. The expression of six 
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osteogenic genes (ALP, COL1A1, BMP2, OCN and RUNX2) was subsequently assessed by 

real time PCR. 

Signalling Pathway Analysis: Human macrophages (1 x 105 cells) seeded onto titanium discs 

were incubated separately for a day to mimic the in vivo temporal sequence of events where 

macrophages initially interact with the titanium surface without any osteoblast influence. 

Osteoblasts (5 x 104 cells) seeded onto 0.4μm pore size permeable transwell membranes 

(Corning, VIC, Australia) were then introduced to the co-culture system. This system prevents 

direct cell contact while allowing for media exchange. The culture media used was a mixture 

of 45% RMPI-1640, 45% DMEM/F-12 and 10% fetal bovine serum (Invitrogen, VIC, 

Australia). Co-culture transwell plates with triplicate discs were incubated at 370C in a 5% CO2 

atmosphere for up to 7 days. 

TGFß/BMP signalling in the osteoblasts was subsequently assessed following extraction of 

total RNA (RT2 qPCR-Grade Isolation Kit, SABiosciences, VIC, Australia) after one, three 

and seven days of culture. cDNA was then prepared (RT2 First Strand Kit, SABiosciences, VIC, 

Australia) and the expression of eighty-four genes related to TGFß/BMP-mediated signal 

transduction assessed using the Human TGFß/BMP Signalling Pathway RT² Profiler™ PCR 

Array (SABiosciences, VIC, Australia). The relative expression of the target genes was 

normalized against a panel of up to five reference genes (B2M, HPRT1, RPL13A, GAPDH 

and ACTB) using the ΔΔCt method and mean fold-change differences in gene expression for 

each pair-wise comparison between the titanium surfaces (modSLA c.f. SLA) calculated. The 

pair-wise gene expression data were analysed using the student’s t-test and a p-value <0.05 

was considered statistically significant. 

 

3.2.5. Statistical analysis 

All experiments were carried out in triplicate. Previous studies by our group using the same 

calvarial defect model to assess the effects of titanium surface characteristics on macrophage 

phenotype and osseous healing (Lee et al. 2017), showed this was sufficient to demonstrate 

statistically significant differences between mean values. 

Phenotype Marker Expression: The CD11c and CD163 fluorescence signals were normalized 

per macrophage from the total number of cells (DAPI fluorescence) counted in each field of 

view. Three randomly chosen fields of view were assessed per titanium surface at each 

observation time point. The significance of any change in cell number or signal intensity over 

the time of culture compared to that at day 1 was subsequently determined using a two-way 
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ANOVA and subsequent post-hoc analysis with Bonferroni correction for multiple 

comparisons.  

Cytokine secretion: The significance of any differences in the mean levels of cytokines (IL1α, 

IL1β, TNFα, MCP1, IL10, MIP2 and RANTES) secreted by the M1 and M2 macrophages 

following culture on the two titanium surfaces (SLA and modSLA) for 1, 4 and 7 days, were 

determined using a two-way ANOVA and subsequent post-hoc analysis with Bonferroni 

correction for multiple comparisons (GraphPad Prism 7, La Jolla, CA). 

Macrophage – Osteoblast Co-culture: The significance of any differences in the mean 

expression of the osteogenic genes: COL1, ALP, BMP2, BSP, RUNX2 and OCN in osteoblasts 

following macrophage co-culture in media following were also determined using a two-way 

ANOVA and subsequent post-hoc analysis with Bonferroni correction for multiple 

comparisons (GraphPad Prism 7, La Jolla, CA). Descriptive statistics of the osteogenic gene 

expression data is also provided as supporting information (Expression_stats.xlsx).  
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3.3. Results 
 

3.3.1. Macrophage Phenotype Response to Titanium Surface Modification. 

The M1 phenotype of the rat macrophages was confirmed by the demonstration of significantly 

increased secretion of IL-1 (Supplementary Figure 1a) after 48 hrs culture of the bone marrow 

derived rat macrophages with LPS. Similarly, the M2 phenotype was confirmed by 

demonstrating significantly increased secretion of IL-10 following 48 hrs incubation of the 

bone marrow derived rat macrophages with IL-4 (Figure 1b). 

 

M1 Macrophages: A titanium surface-induced effect on both iNOS and ARG1 gene expression 

in M1 macrophages was observed over the 7 days of culture. iNOS gene expression was 

significantly higher in M1 cells cultured on the SLA surface at all observed time points 

compared with that from M1 cells cultured on the modSLA surface (Figure 2a). Conversely, 

significantly higher levels of ARG1 gene expression were observed in M1 cells cultured on the 

modSLA surface compared to culture on the SLA surface (Figure 2b). 

 
Figure 2: Fold change relative iNOS and ARG1 gene expression by M1 macrophages 

following culture on the SLA and modSLA titanium surfaces over 7 days in vitro compared to 
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cells cultured on tissue culture plastic (n=3). (a) Significant (*p<0.0005) increases in INOS 

expression were apparent in M1 macrophages cultured on the SLA surface when compared to 

M1 macrophages cultured on the modSLA surface. (b) Conversely, significant (*p<0.0005) 

increases in ARG1 expression were apparent in M1 macrophages cultured on the modSLA 

surface compared to M1 macrophages cultured on the SLA surface. 

 

Following immunostaining, on the SLA surface (Figure 3a-c), the observed predominantly red 

fluorescence signal from PE-CD11c labelled M1 cells persisted over the 7 days of culture, 

whereas on the modSLA surface (Figure 3d-f), there was an obvious change in observed 

fluorescence towards a predominantly green FITC-CD163 signal over the 7 days of culture. 

Merged and component immunofluorescent images are provided in Figures 4&5.  

 

To account for potential differences in macrophage attachment to the two titanium surfaces, 

quantification of the normalised PE-CD11c and FITC-CD163 signal intensities i.e. per 

macrophage (as described in the statistical analyses) was performed which confirmed these 

observations. In cells cultured on the SLA surface, compared to the mean signal/cell after 1 

day of attachment, by 7 days the mean PE-CD11c signal/cell increased 51% whereas the FITC-

CD163 signal/cell only increased marginally by 25% (Figure 3g). On the modSLA surface 

however, PE-CD11c expression/cell in M1 macrophages decreased by 48% over 7 days of 

culture whereas as early as day 4 of culture, there was a 249% increase in mean CD163 

expression/cell by the M1 macrophages which was maintained at 203% after 7 days of culture 

(Figure 3h). 



84 
 

 

Figure 3: (a - f) Immunofluorescence images of M1 macrophages cultured in vitro for 1, 4 and 

7 days on the SLA (a-c) and modSLA (d-f) titanium discs. Red phycoerythrin-CD11c and green 

fluorescein-isothiocyanate-CD163 labelled antibodies were used to differentiate M1 and M2 

phenotype respectively. Cells were counterstained with DAPI to visualize cell nuclei. (g & h) 

To confirm the observed changes in red CD11c and green CD163 florescence in M1 

macrophages over time, the quantitative signal intensity (normalized per macrophage) is shown 

as a percentage of the signal seen at day 1 (line at 100%). 
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Figure 4. Merged and component immunofluorescent images of M1 cells cultured on the SLA 

surface in vitro shown in Figure 3(a-c). 

 
Figure 5. Merged and component immunofluorescent images of M1 cells cultured on the 

modSLA surface in vitro shown in Figure 3(d-f). 
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M2 Macrophages: Again, titanium surface effects on both INOS and ARG1 gene expression 

in M2 cells were observed over the 7 days of culture. M2 cell culture on the SLA surface was 

associated with significantly higher levels of INOS expression compared with that from M2 

cells cultured on the modSLA surface (Figure 6a). M2 cell culture on the modSLA surface was 

also associated with significantly higher levels of ARG1 expression compared to that from 

cells cultured on the SLA surface (Figure 6b). 

 

Figure 6: Fold change relative iNOS and ARG1 gene expression by M2 macrophages 

following culture on the SLA and modSLA titanium surfaces over 7 days in vitro compared to 

cells cultured on tissue culture plastic (n=3). (a) Significant (*p<0.0001) increases in INOS 

expression were apparent in M2 macrophages cultured on the SLA surface when compared to 

M2 macrophages cultured on the modSLA surface. (b) Conversely, significant (*p<0.0001) 

increases in ARG1 expression were apparent in M2 macrophages cultured on the modSLA 

surface compared to M2 macrophages cultured on the SLA surface. 

 

Following immunostaining (Figure 7a-c), after 1 day of culture on the SLA surface, the 

observed fluorescence signal was predominantly green, as would be expected from FITC- 
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CD163 labelled M2 macrophages. However, by day 7 of culture, the observable fluorescence 

signal was a mixture of both red PE-CD11c and green FITC-CD163 signals. By comparison, 

culture of the M2 macrophages on the modSLA surface (Figure 7d-f) showed an initial green 

FITC-CD163 fluorescence signal which persisted over the 7 days of culture. Merged and 

component immunofluorescent images are provided in Figures 8&9. 

Similar quantification as above of the normalised signal intensities/cell by the M2 macrophages 

cultured on the SLA surface showed that by day 7, CD11c expression increased 115% while 

FITC-CD163 expression/cell remained relatively unchanged (mean 15% increase) reflecting 

the changes observed visually (Figure 7g). In contrast, on the modSLA surface over the same 

period of time, mean CD11c expression/cell decreased by 83% after 7 days of culture while 

the mean FITC-CD163 expression/cell remained at ~60% of that at Day1 (Figure 7h). 
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Figure 7: (a - f) Immunofluorescence images of M2 macrophages cultured in vitro for 1, 4 and 

7 days on the SLA (a-c) and modSLA (d-f) titanium discs. Red phycoerythrin-CD11c and green 

fluorescein-isothiocyanate-CD163 labelled antibodies were used to differentiate M1 and M2 

phenotype respectively. Cells were counterstained with DAPI to visualize cell nuclei.  

(g & h) To confirm the observed changes in red CD11c and green CD163 florescence in M1 

macrophages over time, the quantitative signal intensity (normalized per macrophage) is shown 

as a percentage of the signal seen at day 1 (line at 100%). 
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Figure 8. Merged and component immunofluorescent images of M2 cells cultured on the SLA 

surface in vitro shown in Figure 7(a-c). 

 

Figure 9. Merged and component immunofluorescent images of M2 cells cultured on the 

modSLA surface in vitro shown in Figure 7(d-f).  
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3.3.2. Macrophage Cytokine Response to Titanium Surface Modification. 

The macrophage phenotype changes demonstrated by the gene expression and surface marker 

assays also resulted in significant changes to the levels of secreted cytokines examined. High 

levels of the inflammatory cytokines IL1α and IL1β characteristic of M1 macrophages, 

generally decreased over the 7 days of culture. However, there was a significant titanium 

surface driven effect whereby significantly lower levels of these cytokines were released by 

M1 cells cultured on the modSLA surface compared to the same cells cultured on the SLA 

surface (Figure 10a,b). A similar pattern of secretion of MIP1α was also seen in both M1 and 

M2 cells (Figure 10c). MCP1 levels on the contrary increased with time of culture in both M1 

and M2 macrophages, however the titanium surface effect was still apparent with levels 

significantly lower in both M1 and M2 cells cultured on the modSLA surface compared to 

those cultured on the SLA surface by Day 7 (Figure 10d).  

Levels of the anti-inflammatory cytokine IL10 were unchanged over time in M1 cells 

regardless of the culture surface. However, IL10 levels increased significantly with culture of 

M2 cells on the modSLA surface compared to the SLA surface (Figure 10e). No significant 

titanium surface effects for either MIP2, TNF or RANTES secretion were observed (Figure 10 

f,g,h). 
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Figure 10: Cytokine (IL-1α, IL-1β, TNFα, MCP1, IL10, MIP1α, MIP2 and RANTES) levels 

secreted into the culture media following macrophage incubation on the titanium surfaces for 

1, 4 and 7 days were determined by multiplexed ELISA (n=3). (*) p<0.005 M1 macrophages 

on SLA cf. M1 macrophages on modSLA, (^) p<0.005 M2 macrophages on SLA cf. M2 

macrophages on modSLA. 
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3.3.3. Osteoblast response to macrophage phenotype. 

In rat osteoblasts, significantly higher levels of ALP, COL1A1, BMP2, OCN and RUNX2 gene 

expression were found at all three time-points when the culture media was supplemented with 

media from M2 macrophages (compared to M1 macrophages) cultured on either the SLA or 

modSLA surfaces (Figure 11). Few differences were noted for BSP expression. Moreover, for 

each surface, significantly higher levels of ALP, COL1A1, BMP2, OCN and RUNX2 gene 

expression were again demonstrated at most time-points when the culture media was 

supplemented with media from the M1 or M2 macrophages that were cultured on the modSLA 

surface (Figure 11).
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Figure 11: Osteoblast RUNX2, BMP2, BSP, COL1, OCN and ALP gene expression following 72hrs culture in macrophage conditioned media. 

The conditioned media was collected from both M1 and M2 culture on SLA and modSLA surfaces. (#p<0.05, *p<0.01, ^p<0.005, n=3). 
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3.3.4. Osteoblast Signalling Pathways.  

Differential expression of osteoblast genes associated with the TGFβ/BMP pathway as a result 

of co-culture with SLA and modSLA surface-stimulated macrophages was seen from day 1 

(Table 2). At this earliest time-point, the expression of 10 osteoblast genes associated with the 

TGFβ / BMP pathways including BMPR2, SMAD3, TGFβ2 and TGIF1 were significantly 

(p<0.05) up-regulated following co-culture with modSLA induced macrophages compared to 

their expression following co-culture with SLA induced macrophages. Three genes were also 

down regulated (COL1A2, ENG, LTBP1) at this time point. COL1A2 is broadly associated 

with extracellular matrix formation, ENG, a component of the TGFβR complex and latent 

TGFβ binding protein 1 (LTBP1), both have a role in TGFβ activation and secretion. 

By day 3 of osteoblast-macrophage co-culture, few differences in gene expression were 

observed apart from BMPER (almost 4-fold up-regulation) which is known to be associated 

with BMP (particularly 2 & 4) regulation. After 7 days of co-culture, 9 genes were significantly 

up-regulated. Interestingly by this time, genes also associated with bone formation e.g. BMP3 

(2.5 fold), BMP5 (2.7 fold), GSC (3.3 fold), INHA (3.7 fold) and AMHR2, a SMAD 

transcriptional regulator (3.7 fold), were significantly up-regulated by the modSLA surface-

induced macrophage secretome along with four further genes regulating TGFβ i.e. LEFTY1, 

TGFBR2, TGFBR3 and TSC22D1. 
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3.4. Discussion 
 

The interplay between bone formation and the immune system (Takayanagi 2007; Lorenzo & 

Choi 2005) allows a strong argument to be made that biomaterial-directed modulation of the 

immune response may well represent a potential therapeutic strategy in bone engineering 

applications. Biomaterial features such as topography, particle size, porosity, and ion release, 

are all biomaterial-specific factors able to influence the immune response. Hydrophobic 

materials for example have been shown to enhance monocyte adhesion (Hezi-Yamit et al. 

2009) whereas hydrophilic or neutral surfaces can inhibit macrophage adhesion but enhance 

the release of pro-inflammatory cytokines and chemokines (Jones et al. 2007, Hamlet et al. 

2012; Alfarsi et al. 2014; Hotchkiss et al. 2016; Hotchkiss et al. 2017). More recently, a 

hydrophilic titanium surface with nanotopography (modSLA) has been shown to modulate the 

early inflammatory response in vivo promoting polarization of macrophages to an M2-like 

phenotype, even in diabetic conditions where an exaggerated pro-inflammatory environment 

is a distinguishing feature (Lee et al. 2017). Titanium surface nanotopography has also been 

shown to regulate both macrophage cell shape (McWhorter et al. 2013), the release of cytokines 

(Luu et al. 2015) and restrict cytoskeletal remodelling-associated signalling by macrophages 

leading to reduced cell to cell fusion, potentially moderating the foreign body reaction 

(Padmanabhan et al 2016). 

Differences in titanium surface topography and or chemistry have been shown to affect the 

amounts and configurations of serum protein adsorbed onto the titanium surface that influence 

the immune response of macrophages, either through the stimulation of Toll-like receptors to 

release pro-inflammatory cytokines (TNF-α, IL-6) via NF-kB during macrophage activation, 

or through other intracellular signalling pathways (Trinchieri & Sher 2007). The surface 

characteristics of the titanium discs used in this study have been well-described in the literature. 

At the micron level, blasting and etching produces a severely pitted surface and subsequent 

storage in saline not only results in a hydrophilic surface (modSLA), but also the spontaneous 

formation of nanoscale sized surface structures (Wennerberg et al. 2013). These features have 

been shown by our group (Hamlet et al. 2012; Alfarsi et al. 2014) and others (Hotchkiss et al. 

2016; Hotchkiss et al. 2017; Lü et al 2015; Lu & Webster 2015) to affect both the attachment 

of monocytes and macrophages, as well as the gene expression and secretion of pro-

inflammatory cytokines. 
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Macrophages are critical mediators of inflammation and important for the integration of 

biomaterials such as titanium into recipient tissues. These macrophages are a heterogeneous 

cell population, each with different surface markers and functions (Mosser & Edwards 2008). 

Their phenotype can be broadly defined by their functional properties and pattern of gene 

expression (Mills et al. 2000). As such, the classical ‘M1’ phenotype is characterized by the 

expression of high levels of pro-inflammatory cytokines, high production of reactive nitrogen 

and oxygen intermediates, promotion of a Th1 response, and strong microbicidal and 

tumoricidal activity. In contrast, ‘M2’ macrophages characterized by low levels of pro-

inflammatory cytokines and high expression of anti-inflammatory cytokines, play a major role 

in promoting growth and regeneration. M2 macrophage phenotype has been further sub-

classified as either M2a, M2b, M2c or M2d based on the type of stimulation received and their 

subsequent expression of surface molecules and cytokines reflecting functional and molecular 

phenotypes (Mantovani et al. 2004, Röszer et al. 2015). In the present study, further 

classification of the M2 macrophage phenotype is difficult due to the relatively small number 

of cytokines assessed and the large number of cytokines such as IL10 that are co-expressed 

among these subgroups. 

No clear consensus exists however as to which macrophage phenotype is the most beneficial 

for osteogenesis. For example, classical M1 macrophages are well known to secrete pro-

inflammatory cytokines such as TNFα, IL-6 and IL-1β that induce osteoclastogenesis and bone 

resorption. Conversely however, recent studies have shown macrophage production of 

oncostatin-M, a pro-anabolic molecule by M1 but not M2 macrophages, induces osteogenesis 

in MSCs (Guihard et al. 2012). Alternatively, activated M2 macrophages on the other hand are 

closely associated with later stage tissue repair resulting in either fibrosis via TNFα, TGF-β1 

and TGF-β3 release that isolates an inflammatory reaction centre from normal bone tissue, or 

the formation of new bone through the secretion of cytokines such as BMP2 (Champagne et 

al. 2002). However, an excessive switch to the M2 phenotype, results in scar tissue delaying 

wound healing (Brown & Badylak 2013). 

In a healing wound site, whether the transition from a predominantly M1 to M2 macrophage 

population is the result of the arrival of new already polarised macrophages or the result of a 

‘reprogramming’ of existing macrophages to adopt a new phenotype, is currently unclear. 

Evidence suggests macrophage phenotypes most likely span a continuum from the classical 

inflammatory ‘M1’ to the anti-inflammatory or pro-regenerative ‘M2’phenotype (Lü et al. 

2015) and whose functions are highly heterogeneous and dependent on micro-environmental 
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cues from within the injury niche. This view is consistent with the concept that cells within 

different tissues have diverse responses in inflammation. Due to this sensitive macrophage 

phenotypic inter-change, newly harvested monocytes had to be differentiated into either M1 or 

M2 phenotypes by using different cytokine cues and confirmed prior to the seeding, in order 

to investigate the immuno-modulatory effect of titanium surface modification in the present 

study. 

Greater understanding of the specific functions of various macrophage phenotypes in tissues is 

difficult due to the complexity of signal integration in vivo and the lack of a defined set of 

distinguishing markers for each class of macrophage. Indeed, a limitation of this study was the 

number of macrophage phenotype markers i.e. for M1: Cd11c and iNOS and for M2: CD163 

and ARG1 used to characterize cellular behaviour following exposure to the titanium surfaces. 

As macrophages may display a broad spectrum of phenotypes, including hybrid phenotypes, 

depending on their current signalling environment (Wolf et al. 2014), a wider panel of surface 

markers would be required in order to fully characterize their behaviour. Despite this, the 

subsequent in vitro findings of the present study showed that both titanium surfaces were able 

to modulate the phenotype over time. The SLA surface promoted a change in the degree of M2 

macrophage surface marker expression to that more representative of an M1 phenotype as 

demonstrated by increasing the CD11c fluorescence signal over seven days of culture. In 

contrast, the modSLA surface promoted changes more representative of an M2 macrophage 

phenotype as shown by a concurrent increase in CD163 signal expression in what were 

originally M1 phenotype macrophages. Furthermore, these titanium surface-driven changes in 

macrophage phenotype were also supported by similar changes in the gene expression of other 

well recognised M1 (iNOS) and M2 (ARG1) phenotype markers (Ma et al. 2014). 

The change in macrophage phenotype also resulted in the secretion of distinct cytokine profiles 

that were able to modulate osteogenic gene expression in osteoblasts in a paracrine fashion. 

While this is in agreement with a recent direct co-culture study which also showed macrophage 

plasticity and subsequent phenotypic changes can influence osteogenic gene expression (Loi 

et al. 2016), the design of the present study meant it was not possible to differentiate whether 

the M2 phenotype promoted osteogenic gene expression, or whether osteogenic gene 

expression was being downregulated by M1 macrophages. This study showed for the first time 

however, that the upregulation of osteogenic gene expression in osteoblasts following co-

culture with M2 phenotype macrophages was even further enhanced if the macrophages were 

cultured on the modSLA surface. This suggested temporal modulation or transition in 
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macrophage phenotype from inflammatory to pro-osteogenic provides a plausible biological 

mechanism for the faster rate of osteogenesis and osseointegration seen clinically with the 

modSLA surface (Lang et al. 2011). As gene expression does not necessarily reflect the 

proteins actually released, caution in the interpretation of this data is required. 

In the present study, it was shown that the macrophage secretome in response to the modSLA 

surface resulted in the differential expression of genes associated with the TGFß/BMP 

signalling pathway in co-cultured osteoblasts that were not in direct contact with the 

macrophages. This secretome was able to influence osteoblast TGFß/BMP signalling related 

gene expression as early as day 1. However, by day 7, the expression of genes associated with 

osteoblast differentiation were clearly shown to be upregulated by the modSLA surface-

induced macrophage secretome. Furthermore, recent genomic and proteomic analysis also 

showed subtle differences in the pro-osteogenic properties of the two titanium surfaces used in 

this study (Calciolari et al 2018). Hydrophilic surfaces were able to enhance the timing of 

activation of several signalling pathways such as mitogen-activated protein kinase, 

phosphoinositide-3 kinase-AKT, Wnt, Notch, transforming growth factor-β, directly or 

indirectly involved in bone formation (Calciolari et al 2018). 

The concept of a surface dependent macrophage secretome is further supported by real-time 

monitoring of macrophages on titanium surfaces which showed a nanoscale-rough surface 

could restrict cellular cytoskeleton movement and inhibit pro-inflammatory cytokine secretion 

(Lee et al 2011). We have previously demonstrated similar morphological changes in 

macrophages following culture on the SLA and modSLA titanium surfaces in vitro when 

compared to macrophage culture on polished titanium (Alfarsi et al 2014) supporting the 

hypothesis that the downstream changes in osteoblast gene expression may indeed be driven 

by surface-induced changes in morphology and the subsequent cytokine secretome. 

Monocytic cell lines such as the THP-1 cells used in this study are frequently used to model 

macrophage function since primary tissue macrophages cannot be readily expanded ex vivo. 

Unfortunately, compared to primary macrophages, their differentiation state has meant that 

inferences drawn from such experiments may not always accurately predict the behaviour of 

differentiated tissue macrophages. In the current study however, the THP-1 cells are activated 

with PMA then rested in culture for two days prior to use. This protocol has been shown to 

produce a macrophage phenotype that most closely resembles that of human monocyte derived 

macrophages (Daigneault et al. 2010), which are the most widely used model for studying 

macrophage-osteoblast interactions. 



100 
 

3.5. Conclusion 

 

Using defined M1 and M2 polarized macrophages, this study showed in vitro that titanium-

adherent macrophages can modulate their phenotype in response to biomaterial surface cues 

resulting in the secretion of distinct cytokine profiles that are able to stimulate osteogenic gene 

expression in osteoblasts in a paracrine fashion via up-regulation of the TGFß/BMP signalling 

pathway. These results suggest that immunomodulation of the macrophage phenotype by 

titanium surface topography could modulate osteogenesis in vivo, ultimately resulting in 

enhanced early osseointegration of titanium implants. 
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ABSTRACT 

 

Titanium surface mediated immunomodulation may address compromised post-implantation 

bone healing in diabetes mellitus. To assess in vitro phenotypic changes, M1 and M2 polarised 

Type 2 diabetic rat (Goto Kakizaki, GK) macrophages were cultured on micro-rough (SLA) or 

hydrophilic nanostructured SLA (modSLA) titanium. The in vivo effects of the SLA and 

modSLA surfaces on macrophage phenotype, wound-associated protein expression and bone 

formation were investigated using a critical-sized calvarial defect model. Compared to healthy 

macrophages, GK M2 macrophage function was compromised, secreting significantly lower 

levels of the anti-inflammatory cytokine IL-10. The modSLA surface attenuated the pro-

inflammatory cellular environment, reducing pro-inflammatory cytokine production and 

promoting M2 macrophage phenotype differentiation. ModSLA also suppressed gene 

expression associated with macrophage multinucleation and giant cell formation and 

stimulated pro-osteogenic genes in co-cultured osteoblasts. In vivo, modSLA enhanced 

osteogenesis compared to SLA in GK rats. During early healing, proteomic analysis of both 

surface adherent and wound exudate material showed that modSLA promoted an 

immunomodulatory pro-reparative environment. The modSLA surface therefore successfully 

compensated for the compromised M2 macrophage function in Type 2 diabetes by attenuating 

the pro-inflammatory response and promoting M2 macrophage activity, thus restoring 

macrophage homeostasis and resulting in a cellular environment favourable for enhanced 

osseous healing. 
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4.1. Introduction 

 

Biomaterial mediated immunomodulation has generated increasing interest for improved 

wound healing after the implantation of medical devices and may be particularly relevant in 

diabetes mellitus where inflammation plays a key role in disease pathophysiology. 

Inflammation however is an integral part of the normal healing process  and both tissue resident 

and recruited macrophages play vital roles in directing the early inflammatory responses, 

ultimately affecting the overall healing outcomes (Almqvist, Werthén, Lyngstadaas, Gretzer, 

& Thomsen, 2012; Franz, Rammelt, Scharnweber, & Simon, 2011; Zhou & Groth, 2018). 

During the inflammatory phase, macrophages undergo phenotypic changes depending upon 

signals received from the local and/or systemic cellular environment, leading to the emergence 

of a spectrum of distinct functional phenotypes (Mantovani, Biswas, Galdiero, Sica, & Locati, 

2013). The classical ‘M1’ macrophage phenotype is considered to be pro-inflammatory whilst 

the ‘M2’ phenotype is primarily responsible for reparative or regenerative cellular responses. 

Essentially, for resolution of inflammation and subsequent wound healing to occur, a timely 

transition of macrophage phenotypes from M1 to M2 is crucial. In diabetes, this cellular 

phenomenon of M1 and M2 phenotype transition is disrupted due to various systemic and local 

factors that ultimately contribute to delayed and/or compromised wound healing (Davis, 

Kimball, Boniakowski, & Gallagher, 2018). Hence recent studies of compromised wound 

healing in diabetic human and animal chronic wounds have focused on macrophage 

dysfunction (Davis et al., 2018). 

 

The moderately rough SLA® (Sand blasted Large grit and Acid etched; Straumann, Basel, 

Switzerland) titanium implant surface has been widely studied both in vivo and in vitro and has 

been shown to have superior pro-osteogenic and anti-inflammatory properties compared to 

smoother ‘machined’ implants (Omar et al., 2011; Wennerberg & Albrektsson, 2009). 

Additional modification of the SLA surface leading to increased hydrophilicity, reduced carbon 

contamination and a nanoscale surface topography (modSLA) has been shown to enhance 

osteoblast differentiation (Jimbo et al., 2008; Vlacic-Zischke, Hamlet, Friis, Tonetti, & 

Ivanovski, 2011) and promote an earlier activation of the reparative M2 macrophage response 

in vitro (Alfarsi, Hamlet, & Ivanovski, 2014; S. Hamlet, Alfarsi, George, & Ivanovski, 2012; 

S. M. Hamlet, Lee, Moon, Alfarsi, & Ivanovski, 2019; Hotchkiss, Ayad, Hyzy, Boyan, & 

Olivares-Navarrete, 2017; Hotchkiss, Clark, & Olivares-Navarrete, 2018; Hotchkiss et al., 
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2016). Several pre-clinical and clinical trials have demonstrated superior early osseointegration 

of modSLA implants compared to the SLA surface (Bornstein et al., 2008; Buser et al., 2004; 

Lang et al., 2011). Furthermore, it has also been demonstrated that the modSLA surface 

enhances de novo bone formation and osseointegration in diabetic conditions. However this 

work was undertaken in streptozotocin induced Type I diabetic animal models (R. S. B. Lee, 

Hamlet, & Ivanovski, 2017; S. B. Lee et al., 2013; Nevins, Karimbux, Peter Webe, Giannobile, 

& Fiorellini, 1999; Schlegel et al., 2013). Although these Type I diabetic animal models are 

useful to study the consequence of hyperglycaemia, the results from the model are less likely 

to be applicable to the complex clinical scenario of Type 2 diabetes (Malaisse & Sener, 2008). 

 

Previous studies have shown that the physicochemical and topographical properties of implant 

surfaces can modulate electrostatic and ionic interactions, hydrogen bond / chemical bond 

formation and hydrophobic-hydrophilic interactions with blood proteins (Kusakawa, Yoshida, 

& Hayakawa, 2017). Similarly, the surface roughness of the biomaterial has also been shown 

to influence protein adsorption, with more proteins adsorbed onto rougher surfaces (Hannig & 

Joiner, 2006). These biomaterial surface properties play a critical role in the subsequent 

composition and functional state of the adsorbed protein layer, which regulates the downstream 

cascade of biological events in processes such as osteogenesis.  

 

The concept that protein-biomaterial interactions could mediate later cellular functions has 

even greater ramifications in medically compromised conditions such as diabetes, where both 

bone health is adversely affected and the composition of blood and tissue fluids is altered. In 

the pathogenesis of diabetes, high levels of glucose contribute to complications by inducing 

stress at the cellular level via the formation of advanced glycation end (AGE) products, 

increasing the production of reactive oxygen species such as superoxide, and enhancing the 

expression of pro-inflammatory cytokines (Jiao, Xiao, & Graves, 2015). Type 2 diabetes (T2D) 

also adversely affects bone health (Furst et al., 2016) as the dysregulation in glycaemic control 

leads to reduced BMP and Runx2 expression in osteoblasts (Pacios et al., 2012), as well as 

increased osteoclast formation due to a higher RANKL/OPG ratio(Belibasakis & Bostanci, 

2012). 

 

Immunomodulatory effects that occur during interactions between immune cells and 

biomaterials such as titanium are still poorly explored, particularly in vivo, and especially under 
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compromised systemic conditions. Macrophages have been identified as key regulators of the 

superior osseous healing associated with titanium surface modifications, such as the 

commercially available and widely studied modSLA surface (W. G. Brodbeck et al., 2002; 

William G. Brodbeck et al., 2002; S. M. Hamlet et al., 2019; Hotchkiss et al., 2017, 2018). Our 

hypothesis is that the modSLA surface induces changes to the earliest phases of the wound 

healing process in Type 2 diabetes, thus mediating the downstream inflammatory response that 

promotes superior osseous healing. Therefore, in this study, we explore the relationship 

between different titanium implant surfaces (SLA, modSLA), macrophage phenotypes (M1 

and M2), and the early protein-biomaterial interaction in the osseous wound, to provide insights 

into the potential biological mechanisms that promote enhanced osseous healing under Type 2 

diabetic conditions. 

 

4.2. Methods 

 

4.2.1 Titanium Discs:  

Grade II commercially pure titanium discs (1mm thick, 15 mm diameter) with either a micro-

rough (SLA), or hydrophilic-modified micro-rough (modSLA) surface were used in the study 

(Straumann AG, Basel, Switzerland). The commercially available surface modifications were 

performed by the dental implant manufacturer (Straumann AG, Basel, Switzerland) and their 

surface characteristics have been extensively described in the literature (S. Hamlet et al., 2012; 

Hotchkiss et al., 2016; Olivares-Navarrete et al., 2011; Raines et al., 2010; Vlacic-Zischke et 

al., 2011; Wennerberg et al., 2014). An initial blasting and etching process produces a severely 

pitted surface (SLA) with an roughness average (Ra) over the complete 3D surface of 

approximately 1.8μm. Storage of this surface in saline under a nitrogen atmosphere, 

significantly increases surface hydrophilicity and results in the spontaneous formation of nano-

sized structures on the surface (modSLA), the shape of which suggests they are rutile TiO2 

crystals (Andersson, Österlund, Ljungström, & Palmqvist, 2002). 

 

4.2.2 Macrophages:   

Primary bone marrow-derived macrophages were isolated from 8 – 12 weeks old Sprague-

Dawley (Animal Resources Centre, Australia) and Goto Kakizaki rats (Taconic Biosciences, 

NY, USA). The femurs and tibias were aseptically isolated and bone marrow was collected in 

α-MEM (Gibco, Thermo Fisher Scientific, MA, USA). Red blood cells were removed using 
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lysis buffer and the bone marrow cells were collected and washed with α-MEM. The cells were 

then cultured in 100mm plates with α-MEM containing 10% fetal bovine serum (FBS), 1% 

penicillin / streptomycin (P/S)  and 10 ng/ml macrophage colony-stimulating factor (M-CSF) 

(Peprotech, USA) for 1 day at 37°C in a humidified atmosphere of 5% CO2. On day 2, non-

adherent cells were collected, washed with PBS and cultured in α-MEM containing 10% FBS, 

1% P/S and 30 ng/ml M-CSF for 4 days.  

 

The bone marrow derived macrophages (M0) were cultured either with LPS (Sigma) or IL-4 

& IL-13 (Thermo Fisher Scientific, MA, USA) for 48 hours to induce an M1 or M2 phenotype 

respectively. Their phenotype was subsequently confirmed by IL-1β (M1) and IL-10 (M2) 

expression using ELISA (R & D Systems, MI, USA). The M1 and M2 polarised macrophages 

were then seeded onto SLA or modSLA surfaces (5 × 104 cells per disc) in tissue culture plates 

and cultured in DMEM (Gibco, Grand Island, NY) supplemented with 1% PS, 10% FBS and 

30 ng/ml MCSF at 37°C in a humidified 5% CO2 atmosphere for up to 7 days. 

 

4.2.3. Macrophage Phenotype Gene Expression:  

The gene expression of M1 (iNOS) and M2 (Arg-1) phenotype markers and Multi-Nucleated 

Giant Cell (MNGC) related genes (DAGK, DC-STAMP, DNAX and STAT1 ) at days 1, 4 and 

7 of in vitro culture was assessed by real-time PCR using the same methodology as previously 

published (S. M. Hamlet et al., 2019). iNOS and Arg-1 relative fold changes in gene expression 

were normalised to gene expression levels of Day 1 M0 on TCP. DAGK, DC-STAMP, DNAX 

and STAT1relative fold changes were normalised to gene expression levels from Day 1 M0 on 

SLA surface for each gene.  

 

4.2.4. Macrophage Cytokine Secretion:  

A multiplex ELISA (Bio-Plex Pro, Bio-Rad, Gladesville, New South Wales) was used to 

determine the concentrations of eight chemokines and cytokines (IL1α, IL1β, TNFα, MCP1, 

IL10, MIP2, MIP1α and RANTES) in both the in vitro cell culture media and the in vivo healing 

wound exudate as per the manufacturer’s instructions. 

 

4.2.5. Immunocytochemistry in vitro:  

Macrophages adherent to either tissue culture plastic (TCP) or titanium discs were incubated 

with both rabbit polyclonal anti-rat Integrin αX IgG (CD11c, M1 phenotype marker) and 
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mouse monoclonal anti-rat CD163 (M2 phenotype marker) antibodies diluted 1:250 in 1% 

BSA in PBS at 4°C overnight (sc-30137and sc-58965 respectively, Santa Cruz Biotechnology, 

VWR International, Murarrie, QLD, Australia). After washing 3 times with PBS for 5 minutes, 

the discs were incubated with secondary PE-goat anti-rabbit IgG and FITC-goat anti mouse 

IgG diluted 1:50 in PBS at room temperature for 1 hour. The discs were washed 3 times with 

PBS, counterstained with DAPI (5 minutes at RT, diluted 1:1000 in PBS) and mounted on 

microscope slides using antifade gold (Cell signalling technologies, Merk Millipore, 

Bayswater, VIC, Australia). Imaging obtained via fluorescent microscopy (Zeiss M2)  were 

analysed using the ZEN (Zeiss, North Ryde, NSW, Australia) and Image J (http://imagej.net/) 

software packages.  

 

4.2.6. Macrophage-Osteoblast Indirect Co-culture:  

Primary rat calvariae osteoblasts (R-OST-583, Lonza, Waverley, VIC) were allowed to attach 

to 24-well tissue culture plates (5x104 cells/well) for 24 hrs. Culture media previously collected 

at days 1, 4 and 7 from M1 and M2 macrophages cultured on the two different titanium surfaces 

(SLA and modSLA) was then used as a conditioned media for 72 hr osteoblast culture. The 

expression of six osteogenic genes (ALP, COL1, OCN, BMP2, RunX2, BSP) were 

subsequently assessed by real time PCR. 

 

4.2.7. Animals:  

The Griffith University Animal Ethics Committee approved the experimental protocol 

(approval # DOH/01/14/AEC). All experiments were performed in accordance with the 

ARRIVE guidelines. Female Sprague-Dawley (SD) and Goto Kakizaki (GK) rats weighing 

250 ± 20g approximately 8 – 12 weeks old were used in the study. Four SD and four GK rats 

were used for the protein adsorption study while a further 15 GK rats were used for the osseous 

healing studies. All surgical procedures were performed as previously reported in our pre-

clinical study (R. S. B. Lee et al., 2017). To minimise intra-animal differences, each animal 

received both an SLA and modSLA modified disc, and the allocation of discs to either side of 

the calvarium was randomized by coin toss. 

 

4.2.8. Immunocytochemistry in vivo:  

Titanium discs were removed, fixed in 4% paraformaldehyde, washed twice with PBS and 

blocked with 1% BSA in PBS-0.1% Tween-20 (PBST) for 1 hour at room temperature. 
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Subsequently, the discs were probed with CD11c and CD163 antibodies as described for the 

in vitro immunocytochemistry analysis.  

 

4.2.9. Histomorphometry:  

Specimens of the calvaria and titanium discs in situ 14- and 28-days post-surgery were fixed 

in 10% neutral buffered formalin for 24hrs at 4°C. The specimens were subsequently rinsed in 

tap water, dehydrated in an ethanol gradient, embedded in methacrylate (Technovit 7200, 

Heraeus Kulzer, Wehrheim, Germany) and 30µm ground histological sections were prepared 

(Exakt Advanced Technologie GmbH, Hamburg, Germany). Toluidine blue stained sections 

were used to assess the amount of new bone formation during the healing period. The sections 

were scanned at 20x magnification (Aperio Scanscope, Lecia Biosystems, North Ryde, NSW, 

Australia) and the percentage new bone formation was assessed using the ‘Imagescope’ 

software package (Lecia Biosystems, North Ryde, NSW, Australia). New bone formation was 

calculated as a ratio of total de novo bone formed within the area defined by the calvarial defect 

(ROI) as shown in Figure 1.  

 

 
 

Figure 1. Calculation methodology for new bone formation; Region of Interest (ROI) and New 

Bone (NB). 

 

4.2.10. Scanning Electron Microscopy (SEM):  

Cellular material adherent to the titanium discs 1 and 7 days post implant placement was fixed 

in 4% paraformaldehyde overnight. Following gradual ethanol dehydration and critical point 

drying (Autosamdri-815, Tousimis Research Corporation, USA), the discs were subsequently 

coated with gold and examined using a Carl Zeiss SIGMA VP field emission scanning 
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microscope (FE-SEM; Carl Zeiss. SMT GmBH, Oberkochen, Germany) operated at a voltage 

of 15 or 20 kV. To highlight the components of the adherent cellular material, images were 

colorized using adobe Photoshop’s selection and masking tools (Adobe Photoshop CC 2019), 

as previously demonstrated (Inthanon, Janvikul, Ongchai, & Chomdej, 2019). Red blood cells 

were coloured red, white blood cells blue and the fibrin yellow. Red and white blood cells were 

separated according to their size and to their surface smoothness. 

 

4.2.11. Proteomic mass spectroscopy of in vivo samples: 

4.2.11.1. Sample preparation:  

Titanium discs and exudate were transferred to low protein binding tubes and 2mL of Lysis 

buffer (30mM triethyl ammonium bicarbonate, 0.1% sodium deoxycholate) containing 

protease inhibitors was added to all samples. Samples were heated to 95°C for 5mins and the 

protein concentration measured using a Direct Detect Assay (Merck-Millipore). Subsequently, 

100µg samples were reduced with dithiothreitol (10 mM DTT), alkylated with iodoacetamide 

(20 mM IAA) and digested with 2µg trypsin for 16 hours at 37°C. The digested samples were 

dried and resuspended in 50µL of loading buffer (2% acetonitrile 0.1% formic acid). 3µL of 

each sample was transferred to a vial and diluted with loading buffer to a final volume of 10 

µL. 

 

4.2.11.2. MS Data acquisition:  

The 10 µL samples were injected onto a peptide trap (Michrome or Bruker peptide Captrap) 

for pre-concentration and desalted with 0.1% formic acid, 2% ACN, at 5μL/min for 10 minutes. 

The peptide trap was then switched into line with the analytical column (Halo C18, 160Å, 

2.7µm, 75µm x 10cm). Peptides were eluted from the column using a linear solvent gradient 

with steps, from 98% Buffer A (0.1% formic acid) and 2% Buffer B (99.9% acetonitrile, 0.1% 

formic acid) to 90% Buffer A and 10 % Buffer B for ten minutes, then to 65% Buffer A and 

35% Buffer B at 550 nL/min over a 100 min period.  

The eluent was subject to positive ion nanoflow electrospray MS (Triple TOF 5600, AB Sciex) 

analysis in an information dependant acquisition mode (IDA). In the IDA mode a TOFMS 

survey scan was acquired (m/z 350-1200, 0.25second) with the ten largest multiply charged 

ions (counts >150) in the survey scan sequentially subjected to MS/MS analysis. MS/MS 

spectra were accumulated for 100ms (m/z 100-1500) with rolling collision energy. 
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4.2.11.3. Data quantitation: 

A library was constructed by merging the IDA runs generated from the high pH reverse phase 

fractionation, plus the individual run of the pooled sample. The library contained 220 proteins. 

Data were extracted using PeakView (v2.1) with the following parameters: the top 6 most 

intense fragments of each peptide were extracted from the data sets (75 ppm mass tolerance, 

10 min retention time window). Shared peptides were excluded. After data processing, peptides 

(max 50 peptides per protein) with confidence > 99% and FDR < 1% (based on 

chromatographic feature after fragment extraction) were used for quantitation. 

 

4.2.12. Statistical analysis:  

The gene expression data from the in vitro experiments was analysed using the Student’s t-test. 

For each surface comparison, a p-value < 0.05 was considered statistically significant. Fold-

change differences in gene expression for each pair-wise comparison between the two different 

titanium surfaces were also calculated. The CD11c and CD163 fluorescence signal was 

normalized per macrophage from the total number of cells (DAPI fluorescence) counted in 

each field of view. Three randomly chosen fields of view were assessed per titanium surface 

at each observation time point. The significance of any change in cell number or signal intensity 

over the time of culture compared to that at day 1 was subsequently determined using a two-

way ANOVA and post-hoc analysis with Bonferroni correction for multiple comparisons.  

The significance of any changes in the level of secreted cytokine (IL1α, IL1β, TNFα, MCP1, 

IL10, MIP2, MIP1α and RANTES), osteoblast gene expression (COL1, ALP, BMP2, RUNX2 

and OCN) and MNGC gene expression (DAGK, DC-STAMP, DNAX and STAT1) were also 

determined using a two-way ANOVA (all n=3) and post-hoc analysis with Bonferroni 

correction for multiple comparisons (GraphPad Prism 7, La Jolla, CA).  

For the in vivo analyses, two-way ANOVA and subsequent post-hoc analysis with Bonferroni 

correction for multiple comparisons was used to determine any significant differences in both 

the level of cytokines within the calvarial exudates (n=3, days 1, 4 and 7), M1/M2 ratio and 

the percentage of osseous defect closure (n=3, days 14 and 28). The LC-MS/MS data were 

searched using ProteinPilot V4.2 (AB Sciex) in thorough mode against the Swissprot Rat 

(2015_04) Database. Protein peaks were normalized to the total peak area for each run (n=4) 

and a t-test was used to compare relative protein peak area between the samples (i.e. modSLA 

c.f. SLA), with p-value < 0.05 and fold change larger than 1.5 were considered as differentially 

expressed. 
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4.3. Results 

 

4.3.1. In vitro analysis of GK macrophage phenotype 

Non-polarised healthy (SD) and GK bone marrow derived macrophages (M0) were cultured 

on TCP plates for 7 days. In the immunocytochemistry images, CD11c was highly expressed 

on the GK macrophages over the 7 days of culture compared to the SD M0 macrophages 

(Figure 2a). This pro-inflammatory phenotype of the GK M0 macrophages was further 

confirmed by significantly higher levels (p < 0.05) of iNOS gene expression (Figure 2b). 

Conversely, Arg-1 gene expression was significantly reduced (p < 0.05) in the GK M0 

macrophages compared to the SD M0 macrophages (Figure 2c). 

Following M0 incubation with LPS, significantly increased secretion of IL-1 confirmed M1 

macrophage phenotype polarization. There was no statistically significant difference in the 

level of IL-1β secretion between the healthy and diabetic rat derived macrophages (Figure 2d). 

M2 phenotype polarization following M0 incubation with IL-4 and IL-13 was confirmed by 

increased IL-10 levels, although the IL-10 levels were significantly lower in the diabetic 

macrophages compared to healthy macrophages (Figure 2e). 
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Figure 2. Macrophage phenotype confirmation. a. Immunofluorescence images of non-

polarised SD and GK bone marrow derived macrophages (M0) cultured on TCP plates for 7 

days; PE-CD11c (Red – M1 marker), FITC-CD163 (Green – M2 marker) and DAPI (Blue – 

cell nuclei). b, c. iNOS and Arg-1 gene expression fold changes (c.f. expression in healthy M0 

at day 1) over 7 days of culture. d, e. IL-1ß and IL-10 secretion levels by polarized M1 and M2 

Healthy and GK macrophages following stimulation with LPS and IL-4 and IL-13 respectively. 

* Statistical significant difference (p ≤ 0.05). 

 

4.3.2. M1 Polarized Macrophage Response to SLA and modSLA Surfaces in vitro 

4.3.2.1. Cytokine secretion profiles: GK M1 macrophages  

In response to the different titanium disc surface characteristics, significantly higher levels (p 

< 0.05) of the pro-inflammatory cytokines IL-1a, IL-1β, MIP2 and MCP-1 were secreted by 
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M1 macrophages from the GK rats on the SLA surface as compared to those of the modSLA 

surface (Figure 3). The mean levels of IL-1β secretion on the SLA surface remained relatively 

high over 7 days of culture, whereas the M1 cells on the modSLA surface showed decreasing 

levels over time. MCP-1 levels on the SLA surface steadily increased with time of the culture, 

while its level on the modSLA surface peaked at 4 days and remained at a similar level at 7 

days. IL-10 levels were markedly increased on both titanium surfaces and remained high 

throughout the 7 days of culture, however no statistically significant difference in the surface 

effects (SLA vs modSLA) on the M1 cells was found (Figure 3).        

 

 

Figure 3. Cytokine secretion profile of M1-polarised GK macrophages cultured on SLA and 

modSLA surfaces. (*) Statistical significant difference (p ≤ 0.05). 

 

4.3.2.2. Immunocytochemistry: GK M1 macrophages  

On the SLA surface (Figure 4a-c), PE-CD11c labelled M1 macrophages (red fluorescence 

signal) expression was predominantly observed throughout the 7 days of culture and multi-

nucleated giant cell formation was observed at day 4 and 7. On the modSLA surface (Figure 
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4d-f), initially M1 macrophages expression was obvious at Day 1, however FITC-CD163 

labelled M2 macrophages (green fluorescence signal) expression was gradually increasing at 4 

and 7 days of culture. Unlike the SLA surface, no multinucleated giant cells were observed on 

the modSLA surface. 

 

4.3.2.3. Quantification of macrophage marker expression 

In order to quantify any changes in macrophage phenotype following M1 culture on the 

titanium surfaces, CD11c (M1) and CD163 (M2) marker expression was compared to the 

normalised signal intensities (i.e. per macrophage as described in the statistical analyses section) 

after 1 day of culture (Figure 4 g&h). In M1 cells cultured on the SLA surface, the mean PE-

CD11c signal/cell increased 75% by day 7 whereas the mean PE-CD11c signal/cell on the 

modSLA surface decreased by 50% (Figure 4g). Moreover, the mean PE-CD11c signal/cell 

was also significantly lower (p ≤ 0.0001) in the M1 cells cultured on the modSLA surface 

compared to that on the SLA surface after 7 days of culture (Figure 4g). 

In marked contrast, on the SLA surface the mean FITC-CD163 signal/cell was only marginally 

increased (< 20%) at 7 days of culture, whereas the mean FITC-CD163 signal/cell following 

M1 culture on the modSLA surface increased significantly at both day 4 (p ≤ 0.01) and day 7 

(p ≤  0.0001) compared to that on the SLA surface (Figure 4h). 
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Figure 4. a-f. Immunofluorescence images of M1-polarized GK macrophages cultured on SLA 

and modSLA discs. Multi-nucleated giant cell formation (white arrows) was observed only on 

the SLA surface; PE-CD11c (Red – M1 marker), FITC-CD163 (Green – M2 marker) and DAPI 

(Blue – cell nuclei). g, h. Quantification of changes in macrophage marker signal intensity per 

cell. (*, **) statistically significant (p ≤ 0.05, p ≤ 0.01, respectively). 

 

4.3.3. M2 Polarized Macrophage Responses to SLA and modSLA surfaces in vitro 

4.3.3.1. Cytokine secretion profiles: GK M2 macrophages 

Secretion of the anti-inflammatory cytokine IL-10 by GK M2 cells was significantly increased 

in response to the modSLA surface compared to SLA at 1 day of the culture. The M2 cells 

produced lower amounts (approximately 5-10 fold) of the inflammatory cytokines IL-1a, IL-

1B, MIP2 and MCP-1 compared to the M1 cells regardless of the different titanium surfaces 

(Figure 3 & 5). No significant difference was observed in the remaining cytokine levels on 

SLA and modSLA surfaces (Figure 5). 

 

SLA modSLA 
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Figure 5. Cytokine secretion profile of M2-polarized GK macrophages cultured on SLA and 

modSLA surfaces. * Statistical significant difference (p ≤ 0.05). 

 

4.3.3.2. Immunocytochemistry: GK M2 macrophages 

On the SLA surface, PE-CD11c labelled M1 macrophage (red fluorescence signal) expression 

was minimal on M2 polarised macrophages at 1 day of culture. However, M1 marker PE-

CD11c expression increased at 4 and 7 days of culture and multi-nucleated giant cell formation 

was observed (Figure 6a-c). On the modSLA surface, FITC-CD163 labelled M2 macrophage 

(green fluorescence signal) expression was predominantly observed over 7 days of culture 

(Figure 6d-f). No multinucleated giant cells were observed on the modSLA surface.  

 

4.3.3.3. Quantification of macrophage markers expression 

In M2 polarized cells cultured on the SLA surface, the mean M1 marker CD11c signal/cell 

increased by 100% by day 7 compared to that after 1 day of culture, whereas on the modSLA 

surface, the mean CD11c signal/cell decreased to 45% by day 7 (Figure 6g). These differences 
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M1 marker iNOS gene expression levels were significantly increased on the SLA surface in 

both M1 and M2 macrophage phenotypes at days 4 and 7. However, on the modSLA surface, 

the iNOS gene expression levels were significantly reduced at day 4 and 7 for the M1 

macrophages, while iNOS expression was consistently low for the M2 macrophages throughout 

the cell culture periods (Figure 7a). Substantial increases in the expression levels of the M2 

marker Arg-1 gene were observed when the M1 polarised macrophages were seeded on the 

modSLA surface, while the Arg-1 gene expression levels remained low on the SLA surface 

(Figure 7b). In M2 polarized macrophages, the Arg-1 expression levels on the modSLA surface 

continuously increased over time, whereas on the SLA surface, the levels plateaued out by day 

4 (Figure 7b).   



124 
 

Figure 7. (a-b) Gene expression analysis of polarised macrophage phenotypes following 

culture on SLA and modSLA surfaces. (a) iNOS and (b) Arg-1 relative fold changes in gene 

expression (compared to day 1 M0 on TCP) over 7 days of culture . (c-f) Multi-Nucleated Giant 

Cell associated gene expression analysis. Relative fold change differences in DAGK, 

DCSTAMP, DNAX and STAT1 gene expression (compared to Day 1 M0 on SLA surface) over 

7 days of culture. (----) Statistical significant difference (p ≤ 0.05). 
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4.3.4.2. Multi-Nucleated Giant Cell (DAGK, DC-STAMP, DNAX and STAT1)  

Compared to the modSLA surface, DAGK, DC-STAMP, DNAX and STAT1 gene expression 

levels were significantly increased on the SLA surface at every time point over 7 days of culture 

regardless of macrophage phenotype (Figure 7c-f).  

 

4.3.5. Macrophage – Osteoblast indirect co-culture 

Conditioned media collected from M2 macrophages cultured for 4 and 7 days on either titanium 

surface up-regulated osteogenic gene expression in healthy rat osteoblasts more so than M1 

macrophage derived conditioned media from the same culture periods (Figure 8a-e). 

Expression levels of ALP, BMP2 and RUNX2 were significantly (p < 0.05) increased when 

osteoblasts were cultured with conditioned media obtained from M1 polarized macrophages 

cultured for 4 days on modSLA compared to SLA surfaces. Furthermore, COL1A1, BMP2 and 

RUNX2 gene expression levels were significantly (p < 0.05) elevated when they were cultured 

with conditioned media obtained from M2 polarized macrophages cultured for 7 days on 

modSLA compared to SLA surfaces (Figure 8a-e).  

 

Figure 8. a-e Relative fold change differences in  ALP, COL1, OCN, BMP2 and RUNX gene 

expression following 72 hours indirect culture in conditioned media collected from M1 and 

M2 macrophages cultured on the two titanium surfaces (SLA and modSLA) at days 1, 4 and 7. 

Fold changes compared osteoblast expression levels with that following indirect culture with 

healthy M1 macrophages cultured on the SLA surface for 1 day. * Statistically significant (p ≤ 

0.05). 

* 
* * 

* 

* 

* 

* 

* 
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4.3.6. Animal surgery: 

All animals recovered from the surgery without complications. The GK rats showed mild-

moderate elevation of mean Blood Glucose Levels (13.3mmol/L) throughout the observation 

periods (Figure 9). Upon removal of the titanium discs, approximately 10 - 15μL of exudate 

could also be retrieved for the subsequent proteomic analyses at sacrifice. 

 

 
Figure 9. Mean fasting blood glucose levels in each GK rat over the observation period. 

 

4.3.7. Histomorphometric analysis 

At 14 days of healing, the mean percentage of total de novo bone formation in the critical sized 

calvarial defects were significantly (p < 0.01) higher on the modSLA surface than the SLA 

surface. The percentage of total de novo bone formation under the SLA and modSLA surface 

were 9.3 ± 4.7% and 19.9 ± 8.1% (mean ± SEM), respectively (Figure 10a & c). 

At day 28, the differences in the total new bone formation under the SLA and modSLA surface 

discs remained statistically significant (p < 0.01), showing higher osseous bridge formation 

under the modSLA surface than the SLA surface (48.4 ± 6.9 c.f. 31.7 ± 3.8%) (Figure 10b & 

c). 

 

4.3.8. Cytokine profiles (Early inflammation) 

Levels of pro-inflammatory cytokines such as IL-1α, IL-1β and MIP-2 under the SLA surface 

was markedly (p < 0.01) increased compared to the levels of the same cytokine levels on the 
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modSLA surface at day 1 (Figure 10d-i). By day 4, these pro-inflammatory cytokine levels on 

the SLA surface were significantly decreased and maintained until day 7, post-operatively, 

while the secretion levels of the same cytokines on the modSLA were maintained low 

throughout 7 days of healing. At day 7, the mean MIP-2 secretion level on the modSLA was 

decreased but the difference failed to reach a statistical significance (p > 0.05).  

Throughout the 7 days of healing, the IL-10 secretion levels on both SLA and modSLA 

surfaces were not statistically different (p > 0.05) from each other and remained relatively low. 

Unlike other cytokines levels, the mean levels of RANTES on both SLA and modSLA surfaces 

showed a tendency of increasing secretion levels at day 4 and 7 (p > 0.05) (Figure 10i).  
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Figure 10. (a-c) Toluidine blue-stained histologic sections (x20 magnification) of the calvarial 

defects under the SLA and modSLA titanium discs at days 14 and 28 of healing. Inset x 40 

histologic images of a and b, respectively. OB: Old Bone, NB: New Bone. c. 

Histomorphometric analysis of total new bone formation (%) under the SLA and modSLA 

* 

* 

* 

* 

* 
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discs within the calvarial defects. (d-i) In vivo cytokine secretion profile of the wound exudate 

associated with the titanium disk covered calvarial defects. * Statistically significant (p ≤ 0.05). 

 

4.3.9. Microscopy: 

SEM analysis of the cellular material adherent to the two different surfaces retrieved from the 

animals showed that a similar fibrin clot was present after one day in vivo. Adherent cells could 

also be seen attached to both the fibrin clot and the two titanium surfaces (Figure 11). No 

obvious visual difference in the nature or quantity of the cellular material could be identified 

between the titanium surfaces at this time point. Subsequent image analysis of the material 

recovered at the later time-point (Day 7 post-placement) showed the presence of increased 

numbers of macrophage-like cells, no obvious differences could be detected between the 

different surfaces. 

 

 
 

Figure 11. a-d. SEM images of cells adherent to the titanium discs recovered 1 and 7 days post 

implantation. Adherent cellular components of each high magnification inset image were 
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colorized using adobe Photoshop’s selection and masking tools (Adobe Photoshop CC 2019). 

Red blood cells were coloured red, white blood cells blue and fibrin yellow. 

 

4.3.10. Immunocytochemistry of in vivo samples 

Immunofluorescent staining of cells adherent to the SLA and modSLA titanium discs was 

performed using the M1 (CD11c) and M2 (CD163) cell membrane markers to assess the 

phenotype of adherent macrophages at the early healing time points (days, 1, 4 and 7). At Day 

1, a relatively higher amount of CD11c than CD163 fluorescent signal was found on both SLA 

and modSLA surfaces (Figure 12a & d). By Day 4, a mixture of CD11c and CD163 signals 

was observed on the SLA and modSLA surfaces, however CD163 signal was more frequently 

expressed on the modSLA than the SLA surface (Figure 12b & e). At Day 7 the cells adherent 

to the modSLA surface showed predominantly CD163 immunofluorescent expression, while 

the immunofluorescent staining on the SLA surface resembled the immunofluorescent staining 

pattern observed on the modSLA surface at Day 4 (Figure 12c &f). Unlike the in vitro study, 

it is important to note that the fluorescent signals obtained in this in vivo study could not be 

entirely attributed to different macrophage population phenotypes on the Ti discs as other 

immune cells, such as neutrophils and dendritic cells, may share similar surface receptors (i.e. 

CD11c and CD163). Hence, a direct quantification of the adherent cell fluorescence signals 

was not performed. Nevertheless, the ratio of CD11c to CD163 (M1/M2) expression was 

significantly (p < 0.01) reduced on the modSLA surface at days 4 and 7 (Figure 12g). 
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modSLA c.f. SLA 

The overall surface effects described in Table 1 were further considered separately in the 

healthy and diabetic animals. In healthy animals only (Figure 13a), 25 of 43 proteins were 

adsorbed onto both the modSLA and SLA surfaces. A further 16 proteins were found to be 

unique to the modSLA surface while only 2 were unique to the SLA surface. Interestingly, 

within these differences, four proteins primarily associated with either wound healing 

(Fibronectin, fibrinogen ɣ-chain), inflammation (Ig gamma-1 chain C region) or the regulation 

of inflammation (T-Kininogen 1), were only detected on the modSLA discs (Figure 13a). In 

the diabetic animals, 21 of the 31 adsorbed peptides identified were again common to both 

titanium surfaces (Figure 9b). A further 6 proteins were found to be unique to the modSLA 

surface while  4 were unique to the SLA surface. Similar to the healthy animal results, the 

wound healing associated protein fibrinogen β-chain was only detected on the modSLA discs 

(Figure. 13b). 
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Table 1. Adsorbed Protein analysis. Distribution of proteins common (H&D) and unique to 

healthy (H) and Diabetic (D) animals and common (M&S) or unique to the titanium surfaces 

mod SLA (M) and SLA (S). 
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Diabetes c.f. Health 

The diabetic status was found to have the most influential effect on the adsorption of proteins 

onto the two titanium surfaces. Proteins adsorbed onto the SLA surface in the healthy and 

diabetic animals showed the greatest number of differences of all the comparisons i.e. 22 

differentially expressed proteins (Figure 13c). Notably, 3 proteins associated with wound 

healing (fibronectin) and inflammation (complement C4 and Ig ɣ-1 chain C region) associated 

with either the modSLA surface or healthy animals in previous comparisons, were now shown 

to be adsorbed to the SLA discs in diabetic animals. Four proteins of similar wound healing/ 

inflammation functions (fibrinogen β-chain, Ig lambda-2 chain C region, Ig gamma-2B chain 

C region and platelet factor 4) were again only associated with the healthy animals. 

Of the proteins adsorbed onto the modSLA surface (Figure 13d), 24 were common to both the 

diabetic and healthy animals while a further 17 proteins were found to be unique to the healthy 

animals. Only 3 were unique to the diabetic animals. Whilst the functions of these differentially 

adsorbed proteins were in various regulatory roles, notably 5 differentially adsorbed proteins 

were again associated with either wound healing (fibrinogen ɣ-chain) or inflammation (Ig 

lambda-2 chain C region, Ig gamma-2B chain C region, Platelet factor 4, C-reactive protein).  

 



135 
 

 

 

 

Figure 13. Venn diagram of the numbers of differentially regulated proteins attached to the 

titanium surfaces. Effect of surface (SLA c.f. ModSLA) in a) healthy and b) diabetic animals. 

Effect of diabetic status (Diabetic (GK) vs Healthy) on c) SLA and d) modSLA titanium 

surfaces. The unique proteins in each subset are further categorised by biological function. 

 

4.3.11.2. Exudate from Healing Wound 

In the wound exudate collected from the well-delineated healing bone defect beneath the 

titanium discs in the diabetic animals, 34 and 38 proteins at 1- and 7-days post-surgery 

respectively were differentially regulated (modSLA c.f. SLA, corrected p-value  < 0.05 and 

fold change difference >1.5). Of these, only 6 were common to both days (Table 2). At day 1 

post-surgery, fibronectin levels were significantly down-regulated in the modSLA exudate 

compared to SLA exudate (fold change = -1.92) whereas anti-inflammatory proteins such as 

Annexin A1 (AnxA1 fold change = 6.95), Protein S100-A8 (fold change = 8.75) and Protein 

S100-A9 (fold change = 6.82) were all significantly up-regulated within the modSLA exudate. 
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Anti-inflammatory activity inhibitors such as Serine protease inhibitor A3N & A3K (SPA3N, 

SPA3K) were both downregulated in the modSLA exudate (fold change = -1.54 and -1.85, 

respectively). By day 7, while a similar number of differentially expressed proteins (38) were 

still present in the wound exudate. Regulators of the inflammatory response; Murinoglobulin-

1 (MUG1 fold change = 1.56), Alpha-1-acid glycoprotein (A1AG fold change = 1.5), 

Haptoglobin (HPT fold change = -1.88) & Ig gamma-1 chain C region (IGHG1 fold change = 

1.63) continued to be significantly differentially expressed in the modSLA exudate. At this 

healing time point there was also upregulated expression of proteins involved in cell 

proliferation; Myosin-9 (MYH9 fold change = 2.24, Clusterin (CLUS fold change = 2.46, 

Structural maintenance of chromosomes protein 1A (SMC1A fold change = 1.93) and bone 

homeostasis e.g. Alpha-2-HS-glycoprotein (FETUA fold change = 1.81) in the modSLA 

exudate. 
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Table 2 (a-b): Significant differentially (modSLA c.f. SLA) expressed proteins (p-value <0.05 

and fold change difference >1.5) detected in the healing wound exudate 1 and 7 days post-

surgery. The protein peaks were normalized to the total peak area for each run and subjected 

to a T-Test to compare relative protein peak areas between the samples
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4.4.  Discussion 

 

4.4.1. Compromised M2 Macrophage Function in Type 2 Diabetes 

The Goto Kakizaki (GK) rats used in this study as a model for Type 2 diabetes, are a non-obese 

Wistar sub-strain which develop diabetes early in life. Insulin resistance and impaired insulin 

secretion are common pathogenetical features of the strain which  develop similar diabetic 

related complications to those found in human Type 2 diabetes (Malaisse & Sener, 2008). This 

includes renal lesions (Janssen, Phillips, & Floege, 1999), structural changes in peripheral 

nerves (Murakawa et al., 2002) and abnormalities of the retina (Sone et al., 1997).   

The present study demonstrated that the function of M2 macrophages was compromised in GK 

rats, as demonstrated by significantly reduced levels of secretion of the anti-inflammatory 

cytokine IL-10 following stimulation with IL-4 and IL-13. Further, while the pro-inflammatory 

function of GK-M1 macrophages (Figure 1a-b) appeared to be unaffected, non-polarised or 

unstimulated (M0) GK-macrophages exhibited a pro-inflammatory state as early as day 1, 

suggesting that macrophage phenotype regulation is compromised in the diabetic animals.  

Dysregulation of M1 to M2 macrophage phenotype transition has been associated with 

impaired wound healing outcomes in diabetes  (R. Mirza & Koh, 2011), and macrophage 

dysfunction has been suggested as a potential aetiological factor in diabetic non-healing 

chronic wounds (Davis et al., 2018). A diabetic pro-inflammatory environment was shown to 

induce a persistent M1 macrophage response during wound healing (Bannon et al., 2013), 

which could be improved by inhibiting the IL-1β pathway, resulting in a promotion of the M2 

reparative phenotype (R. E. Mirza, Fang, Ennis, & Kohl, 2013). Moreover, the expression of 

anti-inflammatory genes (Ym1 and Arg-1) was reduced, while inflammatory cytokines (IL-17 

and IL-20) were increased, in wounds in db/db diabetic mice (Finley, DeClue, Sell, DeBartolo, 

& Shornick, 2016). Consistent with these findings, the present study found an increased pro-

inflammatory response in Type 2 diabetes that may be attributed to reduced M2 macrophage 

function and a relatively unaffected M1 phenotype.   

 

4.4.2. Titanium Surface Modification: In Vitro effects on Diabetic Macrophages and 

Osteoblast Interaction 

Macrophages are recognized as key mediators of surface-mediated osseous response, with 

recent studies elucidating some of the modSLA induced cellular and molecular mechanisms 
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involved (Abaricia, Shah, Chaubal, Hotchkiss, & Olivares-Navarrete, 2020; Hotchkiss et al., 

2018). We have shown that IL-10 secretion by healthy M2 macrophages in response to the 

modSLA surface increased over 7 days of culture, while IL-1α, IL-1β and MIP-1 secretion 

decreased in healthy M1 macrophages (S. M. Hamlet et al., 2019). Thus, in healthy conditions, 

the modSLA surface not only reduces the pro-inflammatory response, but also promotes a 

transition towards an M2 phenotype. In the GK Type 2 diabetic rat however, M2 macrophage 

secreted IL-10 levels were significantly higher only at 1 day  of cell culture on the modSLA 

surface compared to the SLA surface, while GK M1 driven pro-inflammatory cytokine (IL-

1α, IL-1β, MCP1, MIP1α and MIP2) levels were reduced on the modSLA surface at 7 days of 

culture, consistent with previous M1 findings in healthy conditions  (S. M. Hamlet et al., 2019). 

This suggested that the immunomodulatory effects of the modSLA surface is similar on GK-

M1, but reduced on GK-M2 macrophage function, compared to health. 

Macrophage phenotypic modulation by the modSLA surface was demonstrated in vitro where 

CD11c (M1) expression was reduced by 50% over 7 days of culture, while the CD163 (M2) 

expression was increased by 50%. Moreover, the immunomodulatory effects of the modSLA 

surface, where consistently lower levels of iNOS gene expression and higher Arg-1 gene 

expression were shown for both M1 and M2 macrophages, are in agreement with previous 

studies (Alfarsi et al., 2014; Hotchkiss et al., 2017, 2016; R. S. B. Lee et al., 2017). 

Compromised diabetic M2 macrophage function was further supported by the 

immunocytochemistry analysis which showed that CD163 expression (M2) was reduced by 

50% at day 7, while CD11c expression (M1) was increased by 100% on the SLA surface when 

compared to healthy macrophages (S. M. Hamlet et al., 2019) where CD163 expression was 

stable during 7 days of culture. Taken together, this suggests diabetic M2 macrophages on SLA 

surface may be more prone to exhibit a pro-inflammatory phenotype, which could be 

modulated by the modSLA surface, promoting a re-establishment of homeostasis in 

macrophage phenotypes.  

Following surgical implant insertion, bone formation requires a timely transition of 

macrophage phenotypes, from inflammatory to reparative, in order to recruit and activate 

osteoprogenitor cells (Claes, Recknagel, & Ignatius, 2012; Loi et al., 2016; Spiller et al., 2015). 

In the present study, the expression of osteogenic genes (RUNX2, BMP2, ALP) was increased 

in osteoblasts indirectly co-cultured with GK-M2 macrophages, albeit to a lesser extent than 

previously observed in healthy macrophages (S. M. Hamlet et al., 2019). 
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4.4.3. MNGC formation  

Multi-nucleated giant cells (MNGCs) were more readily observed on the SLA surfaces at 4 

and 7 days of culture for both M1 and M2 polarized macrophages. Giant cell formation along 

implant surfaces has been reported in several previous in vivo and in vitro studies whereby 

giant cells found on successfully osseointegrated implant surfaces had cellular characteristics 

of both osteoclasts and MNGCs (Miron & Bosshardt, 2016; Saulacic, Bosshardt, Bornstein, 

Berner, & Buser, 2012). Whilst some studies suggest that MNGCs and osteoclasts are closely 

related and share core fusion molecular pathways (Pereira et al., 2018),  others have argued 

that MNGCs do not have osteoclastic-like bone resorbing capacity but rather express M2 

macrophage-like wound healing properties (Harkel et al., 2015; Katsuyama et al., 2015).  

To date, the role of MNGCs in osseous wound healing is poorly understood. Here, the 

expression of genes associated with macrophage and osteoclast fusion and multinucleation (i.e. 

DAGK, DC-STAMP, DNAX and STAT1 (Pereira et al., 2018) were investigated in order to 

elucidate the molecular nature of the MNGCs derived from the diabetic macrophages. 

Regardless of macrophage phenotype, gene expression levels were significantly elevated on 

the SLA surface compared to the modSLA surface over 7 days of culture which correlates with 

the results of the immunocytochemistry analyses. Although it is not possible to fully elucidate  

the nature and function of the MNGCs from these in vitro results, it is evident that the modified 

modSLA surface suppresses the expression of genes responsible for macrophage 

multinucleation, as previously demonstrated that hydrophilic and/or nanostructured surface 

characteristics of biomaterials were able to decrease the rate of monocyte/ macrophage 

adhesion and fusion (W. G. Brodbeck et al., 2002; William G. Brodbeck et al., 2002, 2003; 

Padmanabhan et al., 2016). 

 

4.4.4. Early osseous healing in Type 2 diabetes  

In the present study, significantly improved osseous healing on the modSLA surface was 

observed in the calvarial defects at both 14 and 28 days of healing (Figure 8), demonstrating 

that the anti-inflammatory environment (i.e. M1/M2 ratio reduction and anti-inflammatory 

cytokine profiles) at the early healing phases induced by the surface modification led to more 

de novo bone formation. When comparing histomorphometric outcomes using the same 

calvarial defect model, the Type 2 diabetes osseous healing outcomes were generally inferior 

to healthy but superior to uncontrolled Type 1  conditions (R. S. B. Lee et al., 2017).  
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The early inflammatory response in this Type 2 diabetes model was characterized by a down-

regulation of the inflammatory response (decreased IL-1α, IL-1β and MIP-2 levels in the 

wound exudate at day) by the modSLA surface, along with a reduction in the M1/M2 ratio of 

adherent cells. Despite the compromised nature  of the GK M2 macrophages (as shown in vitro), 

these results are similar to the effects of the modSLA surface in both healthy (S. M. Hamlet et 

al., 2019) and type-1 diabetic conditions (R. S. B. Lee et al., 2017). Notably, the differences in 

cytokine levels on the two titanium surfaces at day 1 were more pronounced in this diabetic 

condition than those reported in healthy and type-I diabetic animal models (R. S. B. Lee et al., 

2017), suggesting that the immunomodulatory anti-inflammatory effects of the modSLA 

surface are more influential in chronic Type 2 diabetic conditions. The reduced IL-1β secretion 

levels on the modSLA surface in the GK rats were of particular interest since the levels were 

similar to those found in the healthy animals (400-500 pg/ml) at day 1 (R. S. B. Lee et al., 

2017). Moreover, in our previous study in Type I diabetic conditions, there was an initial surge 

in secretion of the anti-inflammatory cytokine IL-10, at day 1 for both titanium surfaces (R. S. 

B. Lee et al., 2017). Conversely, IL-10 secretion levels in the GK animals were suppressed 

from day 1 and kept low throughout the early phases of healing, regardless of the titanium 

surface characteristics. It is worth noting that it is not possible to attribute cytokine levels in 

vivo solely to macrophage secretion, considering the complex cellular composition of the early 

healing defect. Nevertheless, taken together these in vivo findings suggest that the main 

advantage of the modSLA surface on osseous healing in Type 2 diabetes is the down-regulation 

of the M1 macrophage phenotype rather than promotion of an M2 phenotype.  

 

4.4.5. Proteomic analysis of early wound healing environment   

As the adsorption of blood proteins onto biomaterials such as titanium occurs immediately 

following implantation, it’s widely recognized that this protein layer will have a significant 

influence on subsequent cellular responses to the biomaterial (Scotchford et al., 2003), 

including macrophages which are one of the first cells that are likely to come into contact with 

the biomaterial surface (Wilson, Clegg, Leavesley, & Pearcy, 2005). In the present study, 

proteins associated with both wound healing and immune response regulation, such as 

fibrinogen, the osteoblast integrin ligand fibronectin, Ig gamma-1 chain C region, T-kininogen 

1 and plasminogen, were all differentially adsorbed onto the modSLA surface in both healthy 

and diabetic animals. Cell adhesive extracellular matrix proteins, such as fibronectin, promote 
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tissue healing and remodelling processes. Indeed, fibronectin coated titanium has been shown 

to promote osteoblastic attachment, differentiation and the expression of genes related to 

mineralisation (Bhola, Su, & Krull, 2011; Bierbaum et al., 2003; Petrie, Reyes, Burns, & García, 

2009; Pugdee et al., 2007; Zambon et al., 2012). Furthermore, plasminogen has been associated 

with macrophage polarization (M2 phenotype), resulting in resolution of inflammation 

(Michelle A. Sugimoto et al., 2017). These findings show that the modSLA surface promotes 

the adsorption of proteins able to modulate macrophage phenotype transition that subsequently 

facilitates the resolution of inflammation, wound healing and osteogenesis in healing bone 

defects. This effect is upstream from recently reported mechanisms attributed to the role of 

macrophages in modSLA enhanced osseous healing (Abaricia et al., 2020; Hotchkiss et al., 

2018). 

The nature of the protein exudate collected from the well-defined defect beneath the titanium 

discs is also likely to be important in defining the downstream bone healing outcomes. In the 

present study, anti-inflammatory proteins such as AnxA1, S100-A8 and S100-A9 were 

significantly up-regulated within the modSLA exudate at the earliest healing time point. 

AnxA1 is an important mediator of inflammatory processes, including macrophage 

reprogramming toward an M2 phenotype (Michelle Amantéa Sugimoto, Vago, Teixeira, & 

Sousa, 2016). S100-A8 and S100-A9 are associated with modulation of inflammatory 

responses such as reduction of pro-inflammatory cytokines, chemokines, ROS and NO (Wang 

et al., 2018). As healing progressed, the SWATH analysis demonstrated a change in the 

makeup of the exudate, and by day 7 proteins associated with cell proliferation and bone 

homeostasis were differentially upregulated in the modSLA group. Taken together, the 

proteomic data from the early wound healing events in vivo suggest that modSLA promotes 

osseous healing by promoting cell adhesion and proliferation through increased surface 

adsorption of fibronectin and fibrinogen, coupled with increased levels of anti-inflammatory 

proteins within the healing milieu and macrophage reprogramming via AnxA1. 

 

4.5. Conclusion 

 

This study provides empirical evidence for impaired M2 macrophage function in a rodent Type 

II diabetic model. The findings show that the modSLA surface can compensate for this 

impaired macrophage function by creating an environment that attenuates the inflammatory 
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response during the early stages of osseous wound healing, thus restoring macrophage 

homeostasis and resulting in enhanced osseous healing in Type 2 diabetic conditions. 
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Chapter 5. Discussion and Future Directions 
 

Discussion  

Diabetes is considered as an epidemic of the 21st century, causing significant social and 

financial burden in health systems worldwide. Major diabetic complications include macro- 

and micro-vascular pathology, nephropathy, neuropathy, retinopathy and poor/ delayed wound 

healing. All these diabetes associated clinical complications are serious problems, but 

compromised wound healing capacity in particular poses a significant threat to any diabetic 

patient as it often leads to high morbidity and even mortality (Lamont, Franklyn, Rayman, & 

Boulton, 2013). Wound healing is a complex and delicate biological process, which involves 

many different immune cells and the migration of mesenchymal stems cells. For instance, 

osseous healing and homeostasis are dependent on the intimate interaction between the immune 

and skeletal systems as both systems share a number of regulatory molecules including 

cytokines, receptors, signalling molecules and transcriptional factors (Walsh et al., 2006). 

These finely balanced and well-tuned biological mechanisms of wound healing have been 

shown to be affected by diabetic conditions, resulting in delayed and/or impaired healing 

potential for both soft and hard tissues (Davis, Kimball, Boniakowski, & Gallagher, 2018). 

 

Chronic hyperglycaemia and subsequent AGE accumulation in tissues are considered to be one 

of the main pathophysiological changes in diabetes, which likely induce inflammatory 

processes by affecting infiltrating immune cells, such as macrophages, neutrophils and 

lymphocytes in various tissues (Fui et al., 2019). While inflammation is an integral part of the 

normal healing process, chronic inflammation is thought to be one of the major reasons for 

compromised healing in diabetes. In the early inflammatory phase of healing, macrophages 

play a vital role in directing the microenvironment of the wound from ‘pro-inflammatory’ to 

‘anti-inflammatory’, by switching their phenotype from M1 to M2 respectively, in order to 

accommodate subsequent biological processes of healing. The M1 to M2 transition of 

macrophage phenotype has to happen in timely fashion, otherwise the wound healing process 

is compromised, potentially leading to secondary infection of the unhealed wounds that is often 

observed in diabetes. Due to their essential roles in wound healing, much attention has been 

given to macrophages over the last two decades. More recently, there have been numerous 
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attempts to influence this aspect of the immune system by various strategies including the use 

of biomaterials (Przekora, 2019).  

 

Multiple osteoimmuomodulatory strategies achieved by modifying biomaterial characteristics, 

such as topography and wettability, have been proposed and employed in order to improve 

osseous healing potential. As discussed in Chapter 1, there are numerous pre-clinical and 

clinical trials which demonstrate enhanced osseous healing with the use of surface modified 

biomaterials, however there is insufficient evidence in the current literature to determine 

whether such modifications also result in similar improvements in various diabetic conditions, 

where the osteoimmunological interactions are significantly compromised.    

 

In this thesis, I have explored the hypothesis that particular surface modifications can overcome 

the pro-inflammatory conditions of diabetes and result in enhanced osseous healing in the two 

major types of diabetes; Type I and II. In the first study (Chapter 2), an experimentally induced 

Type-I like diabetic model was established in rats by using streptozotocin (STZ) injection. This 

STZ animal model is a commonly and extensively used T1DM model to investigate the effects 

of hyperglycaemia and insulinopaenia. However, it is important to note that this model lacks 

the strong autoimmune features of diabetes as it is an acutely developed model (Chatzigeorgiou, 

Halapas, Kalafatakis, & Kamper, 2009; Rees & Alcolado, 2005), and hence the clinical 

implications require cautious interpretation. Nevertheless, as a proof of concept, the results 

obtained from the T1DM pre-clinical study showed that the hydrophilic and moderately rough 

titanium surface with nano-structural features (modSLA), was able to induce 

immunomodulatory effects on osseous healing by promoting the polarization of M2-like 

phenotype macrophages, even in extremely uncontrolled diabetic conditions. However, it is 

noteworthy that the surface marker CD11c used in this in vivo study, is also found on several 

other immune cells including PMNs and dendritic cells, hence caution is needed in interpreting 

the M1/M2 macrophage expression ratio. While multiple surface markers could provide greater 

specificity for M1 and M2 macrophage phenotype determination, when considered in its 

entirety, the presented data provided substantial evidence that the hydrophilic modSLA surface 

could promote a decreased M1/ M2 macrophage ratio, in other words, relatively less pro-

inflammatory environment, leading to enhanced bone formation in the calvarial defects (Lee, 

Hamlet, & Ivanovski, 2017). 
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From the first pre-clinical study, we were able to establish that surface modification (modSLA) 

could modulate inflammatory responses at the early healing phases, even in extreme pro-

inflammatory conditions. Subsequently, we hypothesized that the promotion of M2 

macrophage phenotype polarization results in enhanced osteogenic cell differentiation, 

eventually leading to improved osseous healing. As described in Chapter 1, there are multiple 

biological processes that span the wound heling cascade between appropriate macrophage 

polarization and osteoblastic differentiation to produce mineralised tissues. Therefore, it had 

to be verified whether the biomaterial surface mediated promotion of M2 macrophage 

polarization has a direct impact on osteoblastic activity. The design of the in vitro study 

(Chapter 3) meant that it was not possible to determine whether the pre-polarised M2 

phenotype promoted osteogenic gene expression, or whether osteogenic gene expression was 

being downregulated by pre-polarised M1 macrophages. This study showed for the first time 

however, that the upregulation of osteogenic gene expression (TGF‐ß/BMP signalling pathway) 

in osteoblasts following co‐culture with M2 phenotype macrophages was further enhanced if 

the macrophages were cultured on the modSLA surface (Hamlet, Lee, Moon, Alfarsi, & 

Ivanovski, 2019). These findings suggested that temporal modulation or transition in 

macrophage phenotype from inflammatory to pro‐osteogenic provides a plausible biological 

mechanism for the faster rate of osteogenesis and osseointegration observed clinically with the 

modSLA surface (Lang et al., 2011). The results were in agreement with a previous direct in 

vitro co-culture study, demonstrating that macrophage plasticity and subsequent phenotypic 

changes can influence osteogenic gene expression (Loi et al., 2016). 

 

Goto Kakizaki (GK) rats used in the last study (Chapter 4) are a non-obese Wistar sub-strain 

which develop diabetes early in life. Insulin resistance and impaired insulin secretion are 

common pathogenetical features of the strain, developing similar diabetes associated clinical 

complications to those found in human Type II diabetes (Malaisse & Sener, 2008). These 

include nephropathy (Janssen, Phillips, & Floege, 1999), structural changes in peripheral 

nerves (Murakawa et al., 2002) and retinopathy (Sone et al., 1997). Hence, this GK rat model 

was utilized to investigate the osteoimmunomodulatory effects of different biomaterials (SLA 

vs modSLA) in Type II diabetic like conditions in Chapter 4.  
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In the in vitro component of Chapter 4, it was demonstrated that the function of M2 

macrophages was significantly compromised by the moderately chronic hyperglycaemic 

conditions of the GK rats, while the pro-inflammatory function of M1 macrophages appeared 

to be unaffected. Moreover, non-polarised or unstimulated (M0) GK-macrophages exhibited a 

pro-inflammatory state as early as day 1, suggesting that macrophage phenotype regulation 

was compromised in this particular diabetic model. To my knowledge, this was the first 

demonstration that the function of a particular macrophage phenotype, M2, was compromised, 

while the opposing phenotype (i.e. M1) was relatively unaffected when the cells were isolated 

and cultured in a non-hyperglycaemic and non-inflammatory microenvironment. This suggests 

that the GK-M2 macrophages had undergone intrinsic changes due to the chronic 

hyperglycaemia and inflammatory conditions, leading to cellular dysfunction and 

dysregulation. Subsequently, the reduced function of GK-M2 macrophages led to a somewhat 

modest increase in osteogenic gene expression, compared to those observed in healthy M2 

macrophages when they were cultured on the modSLA surface (Hamlet et al., 2019). 

Nevertheless, the in vivo component of the study demonstrated significantly improved osseous 

healing on the modSLA surface and the differences in cytokine levels between the two titanium 

surfaces (SLA vs modSLA) at day 1 were more pronounced in these Type 2 diabetic conditions 

than those reported in healthy and Type I diabetic animal models (Lee et al., 2017). This 

suggests that the immunomodulatory anti-inflammatory effects of the modSLA surface are 

more influential in chronic Type II diabetic conditions. Moreover, the proteomic data from the 

early wound healing events in vivo suggest that the modSLA surface enhances osseous healing 

by promoting cell adhesion and proliferation through increased surface adsorption of 

fibronectin and fibrinogen, coupled with increased levels of anti-inflammatory proteins within 

the healing milieu.  

In conclusion, Chapter 4 provides empirical evidence for impaired M2 macrophage function 

in a rodent Type II diabetic model. The findings showed that the modSLA surface can 

compensate for this compromised macrophage function by creating an environment that 

attenuates the inflammatory response during the early stages of osseous wound healing, thus 

restoring macrophage homeostasis and resulting in enhanced osseous healing in Type 2 

diabetic conditions. 
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Final Conclusion 
 

In this thesis, the implant surface properties such as hydrophilicity, topography and chemistry 

were able to modulate the innate immune responses at the early stage of healing, resulting in 

faster bone formation in diabetic conditions. Within the limits of the studies, the hydrophilic 

moderately rough titanium surface with nanotopography (modSLA) not only attenuated M1 

macrophage phenotype driven pro-inflammatory response, but also promoted M2 macrophage 

phenotype expression in various diabetic conditions, leading to earlier resolution of 

inflammation and facilitating a pro-osteogenic environment for bone healing.  

 

Future Directions 
 

There is emerging evidence that a diabetic environment potentially induces stable intrinsic 

changes in the haematopoietic cell population, leading to a hyper-responsive polarization for 

both M1 and M2 macrophage phenotypes during the early stages of healing, but a failure of 

phenotype transition from M1 to M2 during the later stages of healing (Bannon et al., 2013). 

One of the potential underlying mechanisms proposed for this pathogenetic change in diabetes 

could be epigenetic. Recently, there have been a few pre-clinical studies investigating the 

epigenetic alterations in diabetic conditions demonstrating particular changes in histone 

methylation and microRNAs, hence affecting macrophage function and polarization in the 

inflammatory phase of wound healing (Das, Ganesh, Khanna, Sen, & Roy, 2014; Gallagher et 

al., 2015). Therefore, further investigation is warranted to verify such findings in clinical 

scenarios, as these could be important therapeutic targets to improve healing potential in 

diabetic patients. Moreover, it is of our great interest to understand the epigenetic mechanisms 

responsible for the way that biomaterials interact with cells to induce immunomodulatory 

effects such as those observed in our studies.  
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APPENDICES 
 

Appendix A: Griffith University Animal Ethics Committee 
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experimental animal study." (GU Ref No: DOH/01/14/AEC). 

 

Your response to the request for additional information regarding the points below has been 

considered by the Committee. 

 

The ethical clearance for this protocol runs from 25-February-2014 to 25-February-2017. 

 

The standard conditions of approval attached to our previous correspondence about this 

protocol continue to apply. 

 

Regards 

 

Dr Amanda Fernie 

Animal Ethics Committee Secretary Office for Research 
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Phone: (07) 3735 6618 

Fax: (07) 3735 7994 

Email: animal-ethics@griffith.edu.au 
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guidance to researchers in areas such as conflict of interest, authorship, storage of data, & the training of research 
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You can find further information, resources and a link to the University's Code by visiting 

http://policies.griffith.edu.au/pdf/Code%20for%20the%20Responsible%20Conduct%20of%20Research.pdf   
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may be impaired in diabetes (Kraakman et al.

2014). In this context, the role of macro

phages in osseointegration becomes essential,

as these cells are key mediators of the

inflammatory response that orchestrate the

innate and adaptive immune responses that

ultimately lead to tissue repair.

In response to stimuli, macrophages

undergo polarization leading to the emer

gence of a spectrum of distinct functional

phenotypes (Mantovani et al. 2013). At one

end of this spectrum, classically activated

“M1 phenotype” macrophages induce a pro

inflammatory state to promote and recruit

other immune cells by secreting pro inflam

matory cytokines such as TNF a and IL 1a.

At the other end of the spectrum, alterna

tively activated “M2 phenotype” macro

phages are associated with the resolution of

inflammation, angiogenesis, fibrogenesis and

tissue repair. Although it is essential to have

an initial M1 mediated pro inflammatory

response prior to the activation of repair via

the M2 phenotype, prolonged or uncontrolled

M1 mediated inflammation leads to poor

reparative outcomes in response to implanted

biomaterials (Badylak et al. 2008). Macro

phage function, including phagocytic activity,

is well known to be compromised in diabetes

(Abrass & Hori 1984; Maruyama et al. 2007).

Moreover, it has been reported that under

diabetic conditions, macrophages produce

high levels of pro inflammatory cytokines

(Weisberg et al. 2003; Goren et al. 2007;

Khanna et al. 2010), resulting in the dysregu

lation of the M1/M2 polarization axis.

Inflammation has been shown to be one of

the key biological mechanisms regulated dur

ing the early healing period associated with

osseointegration and guided bone regenera

tion (Ivanovski et al. 2011a,b). There is also

strong evidence that both the extent and

speed of dental implant osseointegration are

influenced by its surface topography and

chemistry (for review, see Wennerberg &

Albrektsson 2009). The moderately rough

implant surface has been widely studied both

in vivo and in vitro and has been shown to

have superior pro osteogenic and anti inflam

matory properties compared to minimally

rough (machined) surfaced implants (Wenner

berg & Albrektsson 2009; Omar et al. 2011).

Additional modification of the SLA surface

leading to increased hydrophilicity, reduced

carbon contamination and a nanoscale sur

face topography (modSLA: SLActive�, Strau

mann, Basel, Switzerland) has been shown to

enhance osteoblast differentiation (Jimbo

et al. 2008; Vlacic Zischke et al. 2011) and

promote an earlier activation of the

reparative M2 macrophage response in vitro

(Hamlet et al. 2012; Alfarsi et al. 2014;

Hotchkiss et al. 2016). Animal studies have

demonstrated superior early osseointegration

of modSLA implants, as compared with stan

dard SLA implants (Buser et al. 2004; Born

stein et al. 2008), and these findings have

been confirmed in humans (Lang et al. 2011).

Furthermore, it has also been demonstrated

that the modSLA surface enhanced de novo

bone formation and osseointegration as com

pared to the SLA surface in diabetic animal

models (Schlegel et al. 2011; Lee et al. 2013).

The cellular and molecular mechanisms

responsible for these superior outcomes are

not yet well understood, and at present, there

are no published studies that have investi

gated the effects of implant surface modifica

tion on osseous healing from the

inflammatory response perspective, especially

in diabetic conditions. This study therefore

aims to determine whether macrophage phe

notype polarization and osseous healing differ

in response to two types of titanium surfaces

in a type 1 diabetic animal model.

Material and methods

Animals and diabetes induction

Experimental protocols were approved by the

Griffith University Animal Ethics Commit

tee (DOH/01/11/AEC). This in vivo study

has been designed and performed according

to the ARRIVE guidelines (NC3Rs, UK).

Thirty 12 week old female Sprague Dawley

rats (250 � 20 g) were used. The animals

were randomly allocated into two groups:

healthy (H) (n 15) and uncontrolled dia

betes (D) (n 15).

Diabetes was induced by a single intraperi

toneal injection of streptozotocin (Sigma

Aldrich, Dorset, UK) dissolved in citrate buf

fer (0.01 M pH 4.3) at a dose of 70 mg/kg of

body weight. The onset of diabetes was con

firmed 7 days following streptozotocin (STZ)

delivery and at the time of surgery and sacri

fice (Fig. 1f) via testing of fasting serum glu

cose concentrations (Accu Check Advantage;

Roche Diagnostics, Indianapolis, IN, USA).

Surgical procedure

General anaesthesia was achieved via isoflu

rane inhalation (1 3% Mediquip Isoflurane,

UK). The surgical site was first disinfected

with 50 mg/ml povidone iodine (Betadine;

Mundipharma BV, Virginia, QLD, Australia).

A sagittal single incision was then made, and a

full thickness periosteal flap was raised. Two

circular osseous defects were created in the

calvaria by means of a trephine bur (internal

diameter of 4.0 mm) with copious isotonic

solution (0.9% saline) irrigation (Fig. 1a). A

non resorbable PTFE membrane (Cytoplast,

Osteogenics, Lubbock, TX, USA) was placed

on top of the exposed dura mater to prevent

soft tissue infiltration into the newly created

osseous defects (Fig. 1a). One SLA and one

modSLA titanium disc (5 9 1 mm, Strau

mann) was then placed on top of the defects in

each animal (Fig. 1b). The discs were ran

domly assigned by a coin toss to the calvarial

defects. The surface properties of the discs

have been comprehensively characterized in

numerous published studies, including several

from our group (Vlacic Zischke et al. 2011;

Hamlet et al. 2012; Alfarsi et al. 2014).

To prevent the post surgical displacement of

the discs, a sterile titanium pin (0.017”/

0.425 mm MAX Pin, USA) was placed between

the discs as shown in Fig. 1b, and a collagen

membrane (Bio Gide, Geistlich, Switzerland)

was used to cover the discs before the closure

of the flap to provide further stabilization and

soft tissue occlusion. The wound was closed

with multiple simple interrupted sutures in

layers (periosteum and skin) using resorbable

and non resorbable suture materials (Vicryl 5.0

& Prolene 5.0; Ethicon, Somerville, NJ, USA).

Postoperative analgesia (Buprenorphine 0.05

mg/kg SC and Carprofen 4 mg/kg SC) and pro

phylactic antibiotic cover (2.5 mg/kg per day

per os) were given for the first 7 days post sur

gery. Three animals/group were allowed to heal

for 1, 4, 7, 14 and 28 days, respectively, after

which the animals were euthanized and sam

ples collected for analysis.

Cytokine secretion analysis

The exudate within the calvarial defect

beneath the titanium discs (Fig. 1c) was col

lected into 100 ll PBS containing 10 ll pro

tease inhibitor cocktail (Protease arrest

reagent, Merck Millipore, Bayswater, VIC,

Australia) at days 1, 4 and 7 post surgery. A

multiplex ELISA (Bio Plex Pro, Bio Rad, Gla

desville, NSW, Australia) was subsequently

used to determine the concentrations of six

chemokines and cytokines (IL1a, IL1b, TNFa,

MCP1, IL10 and MIP2) as per the manufac

turer’s instructions. The principle of the assay

is similar to a capture sandwich immunoas

say; that is, an antibody to the target protein is

covalently coupled to internally dyed beads.

When the beads are incubated with the sam

ple, the protein of interest is captured, and

then, a biotinylated antibody for a different

epitope is added to the reaction, which is then

detected with streptavidin phycoerythrin.

Using a dual laser flow based reader, beads are
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the modSLA surface compared to the SLA

surface at day 14 in the healthy (30.3 � 5.4

c.f. 6.6 � 3.17%) animals (Fig. 2). In the dia

betic animals at day 14, there was also a

trend of more new bone formation with the

modSLA surface, but this difference was not

statistically significant (modSLA; 17.47 �
4.21 c.f. SLA; 13.5 � 2.81%). At day 28,

newly formed bone was more mature in

appearance, showing less cellular content and

a more organized lamellar structure (Fig. 2e,

f). The modSLA surface showed significantly

higher new bone formation than the SLA sur

face in the healthy animals (69.3 � 9.73 c.f.

28.4 � 7.54%) (P 0.002). Similar to day 14,

while there was a trend of more new bone

formation with the modSLA surface in the

diabetic group, it failed to reach statistical

difference (56.8 � 2.96 c.f. 45.1 � 10.7%)

(Fig. 2g).

The mean percentage of total defect closure

(mean � SEM) showed that the modSLA sur

face resulted in significantly higher osseous

bridge formation across the critical sized

defects at day 14 in the healthy group

(69.2 � 9.26 c.f. 28.4 � 7.49%) (P 0.0027).

In the diabetic animals at day 14, there was a

trend of more new bone bridge formation

associated with the modSLA surface, but this

difference was not statistically significant

(modSLA; 57.6 � 2.28 c.f. SLA;

34.0 � 9.88%) (Fig. 2h). The mean defect clo

sure percentage under the modSLA and SLA

surface in both the healthy (100 c.f.

90.4 � %) and diabetic (94.5 � c.f. 95.9 � %)

groups respectively was not significantly dif

ferent at day 28 (Fig. 2h).

Cytokine secretion analysis

In healthy animals (Fig. 3a f), comparison at

day 1 of the cytokine levels within the exu

dates showed that MIP 2 was significantly

(P 0.035) lower in the modSLA treated

defects. By day 4, the cytokine levels in the

exudates under both disc types decreased on

average 10 fold, apart from MCP 1 and TNF

a whose levels were only moderately lower

(~twofold) at this time. The low levels of the

cytokines IL 1a, IL 1b and MIP 2 observed at

day 4 under both surfaces remained at low

levels after 7 days of healing. MCP 1 and

TNF a levels were also relatively unchanged

at day 7 (~50% of their day 1 levels). Only

the levels of IL 10 in the exudates under both

disc types increased, although this difference

did not reach statistical significance.

In the diabetic animals, cytokine levels in

the exudates associated with both disc types

(Fig. 3g l) were at least fivefold more than

those found in the healthy animals at day 1.

As in the healthy group, the level of MIP 2

was significantly lower in the exudates from

the modSLA covered defects at day 1. Inter

estingly, the level of IL 1a with both the SLA

(P 0.033) and modSLA surfaces increased

over the 7 day period in contrast to a reduc

tion in IL 1a levels over time in healthy ani

mals. While the levels of MCP 1 in the

exudates from both surfaces decreased over

the 7 day observation period, the decrease in

MCP 1 in the SLA defect was delayed, with

levels at day 4 significantly (P 0.028) higher

compared to the modSLA surface. The IL 10

levels in both discs remained relatively

unchanged throughout the observation peri

ods unlike in the healthy animals. TNF a

levels were also unchanged with the SLA sur

face over the 7 days, whereas the levels

decreased significantly (P 0.022) by day 4 in

the modSLA surface as in the healthy

animals.

Immunohistochemistry

In both the healthy and diabetic groups, the

M1 macrophage phenotype was predominant

on the SLA surface at day 1 (Fig. 4a,g). A

mixed M1 and M2 macrophage phenotype

was observed on the modSLA surface in the

healthy group (Fig. 4d), whereas a M1 pheno

type was seen in the diabetic group (Fig. 4j).

By day 4, a mixture of phenotypes was

now seen on the SLA surface in the healthy

group (Fig. 4b), whereas a persisting M1 phe

notype was a common feature on the SLA

surface of the diabetic group (Fig. 4h). More

over, it appeared that there were more M2

phenotype expressions on the modSLA sur

face than the SLA surface in both healthy

and diabetic groups (Fig. 4e,k) at this time

point.

The M1/M2 ratio was significantly higher

on the SLA compared with the modSLA sur

face at days 1 (P 0.02) and 4 (P 0.001) for

the healthy animals, but was only

significantly higher in the diabetic group at

day 4 (P 0.02) (Fig. 4m,n). By day 7, there

were no significant differences in the M1/M2

ratio between the surfaces in either group.

Discussion

In the osseous healing model utilized in this

study, histomorphometric analysis showed

that the mean de novo bone formation and

defect closure were higher with the modSLA

surface than the SLA surface in the healthy

group. In the diabetic animals, there was also

a trend of more new bone formation with the

modSLA surface. These results are in agree

ment with the previous studies which

showed the modSLA surface promoted earlier

osseous healing in both health (Buser et al.

2004; Donos et al. 2011; Ivanovski et al.

2011a; Lang et al. 2011) and compromised

systemic conditions (Schlegel et al. 2011; Lee

et al. 2013).

The unpredictable nature of wound healing

in diabetes may explain why the positive

effect of the modSLA surface was not statisti

cally significant in the diabetic group. In this

animal model, blood glucose levels remained

high (BGL > 20 mmol/l), but uncontrolled

fluctuations of the BGLs may have con

tributed to less predictable osseous healing

outcomes at day 14, particularly in the dia

betic SLA group. Unpredictable histomorpho

metric outcomes in a similar STZ induced

type I diabetic animal model have been

reported in previous pre clinical studies (Ret

zepi et al. 2010a; Lee et al. 2013).

In the diabetic group, very high inflamma

tory cytokine levels were shown to be

secreted into the healing defect throughout

the early healing period up to 7 days. In con

trast, cytokine secretion analysis showed that

in healthy animals, the initial cytokine levels

rapidly decreased by day 4 and remained at

low levels for the rest of the observation

periods. The enhanced cytokine levels may

be attributable to the immuno cellular dys

function of recruited immune modulators

(such as macrophages) and/or the pro inflam

matory local environment in diabetes result

ing in uncontrolled inflammation. Indeed,

there were six cases of acute infection in the

Fig. 4. (a–f) Immunofluorescent staining of macrophages (CD11c+; Red – M1 phenotype, CD163+; Green – M2 phenotype, DAPI; Blue – Nucleus) adhering to the Ti discs in the

healthy group. (a,d) Images for day 1 for SLA and modSLA surface, respectively. (b,e) Images for day 4 for SLA and modSLA surface, respectively. (c,f) Images for day 7 for SLA

and modSLA surface, respectively. Images were taken at 9100 (a,c,d,e,g,h,j and l) and 9200 (b,f,i and k) magnification. (g–l) Immunofluorescent staining of macrophages adher-

ing to the Ti discs in the diabetic group. (g,j) Images for day 1 for SLA and modSLA surface, respectively. (h,k) Images for day 4 for SLA and modSLA surface, respectively. (i,l)

Images for day 7 for SLA and modSLA surface, respectively. (m) M1/M2 expression ratio in the healthy group. (n) M1/M2 expression ratio in the diabetic group. *Statistical sig-

nificant P value of 0.05.
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diabetic group, whereas all the healthy group

animals healed uneventfully. Similar adverse

healing outcomes have also been reported,

using this STZ induced type 1 diabetic model

(Retzepi et al. 2010a; Lee et al. 2013).

Changes in the level of pro inflammatory

cytokines under the modSLA surface in both

the healthy and diabetic groups suggested

that the inflammatory response was modu

lated by the modSLA surface properties, even

under the enhanced inflammatory conditions

induced by the uncontrolled diabetes. In par

ticular, the levels of the pro inflammatory

chemokines, MIP 2 at day 1 in both healthy

and diabetic conditions and MCP 1 at day 4

for the diabetic group, were significantly

lower under the modSLA surface than the

SLA surface. MCP 1 (also known as CCL2) is

a major chemokine that induces the recruit

ment and activation of monocytes, T cells,

and NK cells at the early inflammatory

phases (Morimoto et al. 2006). MIP 2 is

another important chemokine in the wound

healing stages that attracts mainly polymor

phonuclear granulocytes (Diab et al. 1999).

Down regulation of these chemokines could

therefore play a role in the improved healing

seen in response to the modified surface

(Schlegel et al. 2011; Lee et al. 2013).

These in vivo results are in agreement

with previous in vitro studies, which demon

strated that the modSLA surface could modu

late the macrophage response resulting in the

reduced levels of pro inflammatory cytokine

secretion (Hamlet et al. 2012; Alfarsi et al.

2014; Hotchkiss et al. 2016). The correlation

between reduced pro inflammatory cytokine

levels and improved osseous wound healing

under the modSLA surface seen histologically

at day 14 suggests that modulation of inflam

mation may be a key early biological mecha

nism responsible for the improved clinical

performance of the modSLA surface. How

ever, it should be noted that the cytokines

were assessed from exudates collected within

the calvarial defects, and hence, the cytoki

nes levels cannot be exclusively attributed to

macrophage activity.

Macrophages play a vital role in mediating

both inflammation and healing. In this con

text, macrophage polarization has been sug

gested as an important biological event

which could determine the fate of the wound

site. Broadly, depending on the stimuli

received from the environment, macrophages

can modify their metabolic functions to be a

healing/growth promoting M2 phenotype or a

killing/inhibitory capacity M1 phenotype

(Mills 2012; Italiani & Boraschi 2014). A

timely transition from an M1 pro inflamma

tory to M2 reparative micro environment is

important for the initiation of the anabolic

processes that are important for bone repair

(Schlundt et al. 2015; Spiller et al. 2015). In

the present investigation, immunofluorescent

imaging of the cells that were adherent to

the titanium surface was used to assess the

effect of the surface characteristics on the

macrophage phenotype in vivo. CD11c and

CD163 were selected based on a recent com

prehensive review by Chen et al. (2015) and a

recent in vivo study (Ma et al. 2014), both of

which advocated the utility of single markers

to assess macrophage phenotype. It was

shown that the M2 macrophage phenotype

was a more dominant feature on the modSLA

surface than on the SLA surface at the early

observation periods (days 1, 4 and 7) in both

groups. The ratio of M1 to M2 phenotypes on

the modSLA surface was significantly lower

at days 1 and 4 in the healthy group, suggest

ing that the modSLA surface characteristics

promoted an earlier polarization to the M2

macrophage phenotype. These results are in

accordance with a recent in vivo and in vitro

study (Ma et al. 2014). Moreover, in a recent

study (Loi et al. 2016), M2 macrophages were

shown to directly modulate osteoblastic

activity using a co culture methodology. The

authors suggested that a transient inflamma

tory phase is crucial for enhanced osteogene

sis. In the diabetic group however, the

decrease in M1 macrophage phenotype

expression was delayed until day 4 of healing.

It has been suggested that diabetic conditions

result in macrophage dysfunction manifested

by an exaggerated pro inflammatory M1

response and an attenuated M2 response. In

an in vivo experimental study, Khanna et al.

(2010) reported that dysfunctional macro

phage efferocytosis increased apoptotic cell

burdens at the wound sites in the diabetic

condition, resulting in a prolonged inflamma

tory state with healing complications

(Khanna et al. 2010). However, it is notewor

thy that the surface marker, CD11c, is also

found on several other immune cells includ

ing PMNs and dendritic cells, and hence,

caution is needed in interpreting the results.

While multiple surface markers could pro

vide greater specificity of M1 and M2 macro

phage phenotype determination, the

collective data presented in this study pro

vide substantial evidence that the hydrophilic

modSLA surface results in a decreased M1/

M2 macrophage ratio.

The modSLA surface has several unique

features compared to the parent SLA sur

face, including enhanced hydrophilicity/wet

tability, decreased carbon contamination and

nanotopographical features, and it has been

shown that both hydrophilicity and the

presence of nanostructures contribute to a

favourable bone healing response (Wenner

berg et al. 2014). A recent in vitro study

investigating the relative effect of various

modSLA properties on macrophage cytokine

expression concluded that hydrophilicity/

wettability imparted by high surface energy

is the key factor in the immunomodulatory

response (Hotchkiss et al. 2016). However, it

has also been shown in vivo that nanostruc

ture alone could promote healing associated

macrophage (M2) polarization resulting in

higher bone to implant contact and new

bone formation at the early stages of heal

ing. Therefore, further investigation is war

ranted of the precise titanium surface

characteristics that can modulate the

inflammatory response for the purpose of

promoting osseous healing.

Conclusion

A hydrophilic moderately rough titanium

surface with nanotopography (modSLA) may

modulate the early inflammatory response

in vivo and promote the polarization of

macrophages to a M2 like phenotype, even in

diabetic conditions where an exaggerated pro

inflammatory environment is a distinguish

ing feature. Immunomodulation may be an

important mechanism to improve osseous

healing under compromised systemic condi

tions. It should be noted, however, that this

is a pilot animal study with a small sample

size, and larger studies employing a range of

pre clinical and clinical models are required

to confirm these findings.
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superior pro-osteogenic and anti-inflammatory properties compared to 
smoother ‘machined’ implants [6,7]. Additional modification of the SLA 
surface leading to increased hydrophilicity, reduced carbon contami-
nation and a nanoscale surface topography (modSLA) has been shown to 
enhance osteoblast differentiation [8,9] and promote an earlier activa-
tion of the reparative M2 macrophage response in vitro [10–15]. Several 
pre-clinical and clinical trials have demonstrated superior early 
osseointegration of modSLA implants compared to the SLA surface 
[16–18]. Furthermore, it has also been demonstrated that the modSLA 
surface enhances de novo bone formation and osseointegration in dia-
betic conditions. However this work was undertaken in streptozotocin 
induced Type I diabetic animal models [19–22]. Although these Type I 
diabetic animal models are useful to study the consequence of hyper-
glycaemia, the results from the model are less likely to be applicable to 
the complex clinical scenario of Type 2 diabetes [23]. 

Previous studies have shown that the physicochemical and topo-
graphical properties of implant surfaces can modulate electrostatic and 
ionic interactions, hydrogen bond/chemical bond formation and 
hydrophobic-hydrophilic interactions with blood proteins [24]. Simi-
larly, the surface roughness of the biomaterial has also been shown to 
influence protein adsorption, with more proteins adsorbed onto rougher 
surfaces [25]. These biomaterial surface properties play a critical role in 
the subsequent composition and functional state of the adsorbed protein 
layer, which regulates the downstream cascade of biological events in 
processes such as osteogenesis. 

The concept that protein-biomaterial interactions could mediate 
later cellular functions has even greater ramifications in medically 
compromised conditions such as diabetes, where both bone health is 
adversely affected and the composition of blood and tissue fluids is 
altered. In the pathogenesis of diabetes, high levels of glucose contribute 
to complications by inducing stress at the cellular level via the formation 
of advanced glycation end (AGE) products, increasing the production of 
reactive oxygen species such as superoxide, and enhancing the expres-
sion of pro-inflammatory cytokines [26]. Type 2 diabetes (T2D) also 
adversely affects bone health [27] as the dysregulation in glycaemic 
control leads to reduced BMP and Runx2 expression in osteoblasts [28], 
as well as increased osteoclast formation due to a higher RANKL/OPG 
ratio [29]. 

Immunomodulatory effects that occur during interactions between 
immune cells and biomaterials such as titanium are still poorly explored, 
particularly in vivo, and especially under compromised systemic condi-
tions. Macrophages have been identified as key regulators of the supe-
rior osseous healing associated with titanium surface modifications, 
such as the commercially available and widely studied modSLA surface 
[13–15,30,31]. Our hypothesis is that the modSLA surface induces 
changes to the earliest phases of the wound healing process in Type 2 
diabetes, thus mediating the downstream inflammatory response that 
promotes superior osseous healing. Therefore in this study, we explore 
the relationship between different titanium implant surfaces (SLA, 
modSLA), macrophage phenotypes (M1 and M2), and the early 
protein-biomaterial interaction in the osseous wound, to provide in-
sights into the potential biological mechanisms that promote enhanced 
osseous healing under Type 2 diabetic conditions. 

2. Methods 

2.1. Titanium discs 

Grade II commercially pure titanium discs (1 mm thick, 15 mm 
diameter) with either a micro-rough (SLA), or hydrophilic-modified 
micro-rough (modSLA) surface were used in the study. The commer-
cially available surface modifications were performed by the dental 
implant manufacturer (Straumann AG, Basel, Switzerland) and their 
surface characteristics have been extensively described in the literature 
[8,10,12,32–34]. Briefly, an initial blasting and etching process pro-
duces a severely pitted titanium surface (SLA) with an roughness 

average (Ra) over the complete 3D surface of approximately 1.8 μm. 
Storage of this surface in saline under a nitrogen atmosphere, signifi-
cantly increases surface hydrophilicity and results in the spontaneous 
formation of nano-sized structures on the surface (modSLA, Supple-
mentary Fig. 1), the shape of which suggests they are rutile TiO2 crystals 
[35]. 

2.2. Macrophages 

Primary bone marrow-derived macrophages were isolated from 8 to 
12 weeks old Sprague-Dawley (Animal Resources Centre, Australia) and 
Goto Kakizaki rats (Taconic Biosciences, NY, USA). The femurs and 
tibias were aseptically isolated and bone marrow was collected in 
α-MEM (Gibco, Thermo Fisher Scientific, MA, USA). Red blood cells 
were removed using lysis buffer and the bone marrow cells were 
collected and washed with α-MEM. The cells were then cultured in 100 
mm plates with α-MEM containing 10% fetal bovine serum (FBS), 1% 
penicillin-streptomycin (PS) and 10 ng/ml macrophage colony- 
stimulating factor (MCSF, Peprotech, USA) for 1 day at 37 ◦C in a 
humidified atmosphere of 5% CO2. On day 2, non-adherent cells were 
collected, washed with PBS and cultured in α-MEM containing 10% FBS, 
1% PS and 30 ng/ml MCSF for 4 days. 

The bone marrow derived macrophages (M0) were cultured either 
with LPS (Sigma) or IL-4 & IL-13 (Thermo Fisher Scientific, MA, USA) 
for 48 h to induce an M1 or M2 phenotype respectively. Their phenotype 
was subsequently confirmed by IL-1β (M1) and IL-10 (M2) expression 
using an ELISA (R & D Systems, MI, USA). The M1 and M2 polarised 
macrophages were then seeded onto SLA or modSLA surfaces (5 × 104 

cells per disc) in tissue culture plates and cultured in DMEM (Gibco, 
Grand Island, NY) supplemented with 1% PS, 10% FBS and 30 ng/ml 
MCSF at 37 ◦C in a humidified 5% CO2 atmosphere for up to 7 days. 

2.3. Macrophage phenotype gene expression 

The gene expression of M1 (iNOS) and M2 (Arg-1) phenotype 
markers and Multi-Nucleated Giant Cell (MNGC) related genes (DAGK, 
DC-STAMP, DNAX and STAT1) at days 1, 4 and 7 of in vitro culture was 
assessed by real-time PCR using the same methodology as previously 
published [14]. iNOS and Arg-1 relative fold changes in gene expression 
were normalized to gene expression levels of Day 1 M0 on tissue culture 
plastic (TCP). DAGK, DC-STAMP, DNAX and STAT1relative fold changes 
were normalized to gene expression levels from Day 1 M0 on SLA surface 
for each gene. 

2.4. Macrophage cytokine secretion 

A multiplex ELISA (Bio-Plex Pro, Bio-Rad, Gladesville, New South 
Wales) was used to determine the concentrations of eight chemokines 
and cytokines (IL1α, IL1β, TNFα, MCP1, IL10, MIP2, MIP1α and 
RANTES) in the in vitro cell culture media as per the manufacturer’s 
instructions. 

2.5. Immunocytochemistry in vitro 

Macrophages adherent to either TCP or titanium discs were incu-
bated with both rabbit polyclonal anti-rat Integrin αX IgG (CD11c, M1 
phenotype marker) and mouse monoclonal anti-rat CD163 (M2 pheno-
type marker) antibodies diluted 1:250 in 1% BSA in PBS at 4 ◦C over-
night (sc-30137and sc-58965 respectively, Santa Cruz Biotechnology, 
VWR International, Murarrie, QLD, Australia). After washing 3 times 
with PBS for 5 min, the discs were incubated with secondary PE-goat 
anti-rabbit IgG and FITC-goat anti mouse IgG diluted 1:50 in PBS at 
room temperature for 1 h. The discs were washed 3 times with PBS, 
counterstained with DAPI (5 min at RT, diluted 1:1000 in PBS) and 
mounted on microscope slides using antifade gold (Cell signalling 
technologies, Merck Millipore, Bayswater, VIC, Australia). Imaging 
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obtained via fluorescent microscopy (Zeiss M2) were analysed using the 
ZEN (Zeiss, North Ryde, NSW, Australia) and Image J (http://imagej. 
net/) software packages. 

2.6. Macrophage-osteoblast indirect Co-culture 

Primary rat calvariae osteoblasts (R-OST-583, Lonza, Waverley, VIC) 
were allowed to attach to 24-well tissue culture plates (5x104 cells/well) 
for 24 h. Culture media previously collected at days 1, 4 and 7 from M1 
and M2 macrophages cultured on the two different titanium surfaces 
(SLA and modSLA) was then used as a conditioned media for 72 h 
osteoblast culture. The expression of six osteogenic genes (ALP, COL1, 
OCN, BMP2, RunX2, BSP) were subsequently assessed by real time PCR. 

2.7. Animals and procedures 

The Griffith University Animal Ethics Committee approved the 
experimental protocol (approval # DOH/01/14/AEC). All experiments 
were performed in accordance with the ARRIVE guidelines. Female 
Sprague-Dawley (SD) and Goto Kakizaki (GK) rats weighing 250 ± 20g 
approximately 8–12 weeks old were used in the study. Four SD and four 
GK rats were used for the protein adsorption study while a further 15 GK 
rats were used for the osseous healing studies. Diabetes was confirmed 
by monitoring fasting serum glucose concentrations (Accu-Check 
Advantage; Roche Diagnostics, Indianapolis). Blood samples from the 
tail were collected at the beginning of the acclimatisation period, the 
day of surgery and at the appropriate post-operative times i.e. 1, 4, 7, 14- 
and 28-days post-surgery (Supplementary Fig. 2). 

All surgical procedures were performed as previously reported in our 
pre-clinical study [22]. 

Briefly, procedures were performed under isoflurane anaesthesia 
(1–3% to effect, up to 5% for induction). Pre-operative opioid analgesia 
(Buprenorphine 0.05 mg/kg SC) was provided 1 h prior to the surgical 
procedures. The dorsal part of the cranium was then shaved and dis-
infected with 50 mg/mL povidone-iodine (Betadine, Mundipharma BV, 
Netherlands). A sagittal incision was performed through the skin and the 
periosteum of the calvarium and the cranial vertex exposed. After 
raising a full thickness periosteal flap, two circular osseous defects 4 mm 
in diameter were created in the calvarium by means of a trephine burr 
under constant isotonic saline irrigation. PTFE membranes (Gore-Tex, 
W.L. Gore & Assoc., Arizona, USA) were placed on top of the exposed 
dura mater to limit any subsequent soft tissue proliferation into the 
newly created osseous defects. 

Titanium discs were placed over the extra-cranial defects. To mini-
mise intra-animal differences, each animal received both an SLA and 
modSLA disc. The allocation of discs to either side of the calvarium was 
chosen at random by coin toss. The discs were then covered with a 
collagen membrane (Bio-Guide, Geistlich, Switzerland) to allow healing 
according to the principles of guided bone regeneration before closure of 
the flap and skin with 5.0 Vicryl sutures. 

Postoperative analgesia (Buprenorphine 0.05 mg/kg SC and Car-
profen 4 mg/kg SC) and prophylactic antibiotic cover (Enrofloxacin, 
Baytril, Bayer UK) was administered subcutaneously at a dose of 2.5 mg/ 
kg. During the postoperative period, the antibiotic delivery continued 
per os at a dose of 2.5 mg/kg per day for 7 days. The defect was allowed 
to heal for a period of up to 28 days. 

Samples were collected at various timepoints over the 28-day healing 
period (Supplementary Fig. 3). Titanium discs were collected 1, 4- and 7- 
days post implantation for the immunocytochemistry, SEM and prote-
omic analyses while calvaria with the titanium discs in situ were 
collected 14- and 28-days post implantation for the histomorphometric 
analyses. The exudate within the intra and extra-cranial calvarial defect 
and beneath the titanium discs was also collected 1, 4- and 7-days post 
disc placement into 100 μl phosphate buffered saline (PBS) containing 
10 μl protease inhibitor cocktail (Protease arrest reagent, Merck Milli-
pore, Bayswater, VIC, Australia) for either proteomic or cytokine 

analysis. The multiplex ELISA described in section 2.4 was used to 
determine the concentrations of IL-1α, IL-1β, TNF-α, MCP-1, IL-10, MIP- 
1 α, MIP-2 and RANTES. 

2.8. Immunocytochemistry in vivo 

Titanium discs were removed, fixed in 4% paraformaldehyde, 
washed twice with PBS and blocked with 1% BSA in PBS-0.1% Tween-20 
(PBST) for 1 h at room temperature. Subsequently, the discs were probed 
with CD11c and CD163 antibodies as described for the in vitro immu-
nocytochemistry analysis. 

2.9. Histomorphometry 

Specimens of the calvaria and titanium discs in situ 14- and 28-days 
post-surgery were fixed in 10% neutral buffered formalin for 24 hrs at 
4 ◦C. The specimens were subsequently rinsed in tap water, dehydrated 
in an ethanol gradient, embedded in methacrylate (Technovit 7200, 
Heraeus Kulzer, Wehrheim, Germany) and 30 μm ground histological 
sections were prepared (Exakt Advanced Technologie GmbH, Hamburg, 
Germany). Toluidine blue stained sections were used to assess the 
amount of new bone formation during the healing period. The sections 
were scanned at 20x magnification (Aperio Scanscope, Lecia Biosystems, 
North Ryde, NSW, Australia) and the percentage new bone formation 
was assessed using the ‘Imagescope’ software package (Lecia Bio-
systems, North Ryde, NSW, Australia). New bone formation was calcu-
lated as a ratio of total de novo bone formed within the area defined by 
the calvarial defect (ROI) as shown in the Supplementary Fig. 4 
(Appendix). 

2.10. Scanning electron microscopy (SEM) 

Cellular material adherent to the titanium discs 1 and 7 days post 
implant placement was fixed in 4% paraformaldehyde overnight. 
Following gradual ethanol dehydration and critical point drying 
(Autosamdri-815, Tousimis Research Corporation, USA), the discs were 
subsequently coated with gold and examined using a Carl Zeiss SIGMA 
VP field emission scanning microscope (FE-SEM; Carl Zeiss. SMT GmBH, 
Oberkochen, Germany) operated at a voltage of 15 or 20 kV. To high-
light the components of the adherent cellular material, images were 
colourised using adobe Photoshop’s selection and masking tools (Adobe 
Photoshop CC 2019), as previously demonstrated [36]. Red blood cells 
were coloured red, white blood cells blue and the fibrin yellow. Red and 
white blood cells were separated according to their size and to their 
surface smoothness. 

2.11. Proteomic mass spectroscopy of in vivo samples 

2.11.1. Sample preparation 
Titanium discs and exudate were transferred to low protein binding 

tubes and 2 mL of Lysis buffer (30 mM triethyl ammonium bicarbonate, 
0.1% sodium deoxycholate) containing protease inhibitors was added to 
all samples. Samples were heated to 95 ◦C for 5mins and the protein 
concentration measured using a Direct Detect Assay (Merck-Millipore). 
Subsequently, 100 μg samples were reduced with dithiothreitol (10 mM 
DTT), alkylated with iodoacetamide (20 mM IAA) and digested with 2 
μg trypsin for 16 h at 37 ◦C. The digested samples were dried and 
resuspended in 50 μL of loading buffer (2% acetonitrile 0.1% formic 
acid). 3 μL of each sample was transferred to a vial and diluted with 
loading buffer to a final volume of 10 μL. 

2.11.2. MS data acquisition 
The 10 μL samples were injected onto a peptide trap (Michrome or 

Bruker peptide Captrap) for pre-concentration and desalted with 0.1% 
formic acid, 2% ACN, at 5 μL/min for 10 min. The peptide trap was then 
switched into line with the analytical column (Halo C18, 160 Å, 2.7 μm, 
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75 μm × 10 cm). Peptides were eluted from the column using a linear 
solvent gradient with steps, from 98% Buffer A (0.1% formic acid) and 
2% Buffer B (99.9% acetonitrile, 0.1% formic acid) to 90% Buffer A and 
10% Buffer B for 10 min, then to 65% Buffer A and 35% Buffer B at 550 
nL/min over a 100 min period. 

The eluent was subject to positive ion nanoflow electrospray MS 
(Triple TOF 5600, AB Sciex) analysis in an information dependant 
acquisition mode (IDA). In the IDA mode a TOFMS survey scan was 
acquired (m/z 350–1200, 0.25 s) with the ten largest multiply charged 
ions (counts >150) in the survey scan sequentially subjected to MS/MS 
analysis. MS/MS spectra were accumulated for 100 ms (m/z 100–1500) 
with rolling collision energy. 

2.11.3. Data quantitation 
A library was constructed by merging the IDA runs generated from 

the high pH reverse phase fractionation, plus the individual run of the 
pooled sample. The library contained 220 proteins. Data were extracted 
using PeakView (v2.1) with the following parameters: the top 6 most 
intense fragments of each peptide were extracted from the data sets (75 
ppm mass tolerance, 10 min retention time window). Shared peptides 
were excluded. After data processing, peptides (max 50 peptides per 
protein) with confidence > 99% and FDR < 1% (based on chromato-
graphic feature after fragment extraction) were used for quantitation. 

2.12. Statistical analysis 

In vitro analyses: The CD11c and CD163 fluorescence signal was 
normalized per macrophage from the total number of cells (DAPI fluo-
rescence) counted in each field of view. Three randomly chosen fields of 
view were assessed per titanium surface at each observation time point. 
The significance of any change in cell number or signal intensity over the 
time of culture compared to that at day 1 was subsequently determined 
using a two-way ANOVA and post-hoc analysis with Bonferroni 
correction for multiple comparisons. 

The significance of any changes in either: the level of secreted cy-
tokines (IL-1α, IL-1β, TNF-α, MCP-1, IL-10, MIP-2, MIP-1α, RANTES); 
macrophage phenotype gene expression (iNOS, Arg1); osteoblast gene 
expression (COL1, ALP, BMP2, RUNX2, OCN) or MNGC gene expression 
(DAGK, DC-STAMP, DNAX, STAT1) were also all determined using a 
two-way ANOVA (all n 3) and post-hoc analysis with Bonferroni 
correction for multiple comparisons (GraphPad Prism 7, La Jolla, CA). 

For the majority of parameters tested, the test for any interactions 
between time and titanium surface was statistically significant sug-
gesting that that the effect of the surface treatment differed over time. As 
it is impossible to interpret the overall p value testing the null hypothesis 
that the surface treatment has no effect at all, multiple comparison post 
hoc tests were used to determine whether the effect is statistically sig-
nificant at the different observation timepoints. Where no significant 
interaction was observed, the surface (group) and time effects were 
determined and have been indicated in the figure legends. 

In vivo analyses: Again two-way ANOVA and subsequent post-hoc 
analysis with Bonferroni correction for multiple comparisons was used 
to determine any significant differences in the level of cytokines within 
the calvarial exudates (n 3, days 1, 4 and 7), the M1/M2 ratio, and the 
percentage of osseous defect closure (n 3, days 14 and 28). The LC- 
MS/MS data were searched using ProteinPilot V4.2 (AB Sciex) in thor-
ough mode against the Swissprot Rat (2015_04) Database. Protein peaks 
were normalized to the total peak area for each run (n 4) and a t-test 
was used to compare relative protein peak area between the samples (i.e. 
modSLA c.f. SLA), with p-value < 0.05 and fold change larger than 1.5 
were considered as differentially expressed. 

3. Results 

3.1. In vitro analysis of GK macrophage phenotype 

Non-polarised healthy (SD) and GK bone marrow derived macro-
phages (M0) were cultured on TCP plates for 7 days. In the immuno-
cytochemistry images, CD11c was highly expressed on the GK 
macrophages over the 7 days of culture compared to the SD M0 mac-
rophages (Fig. 1a). This pro-inflammatory phenotype of the GK M0 
macrophages was further confirmed by significantly higher levels (p <
0.05) of iNOS gene expression (Fig. 1b). Conversely, Arg-1 gene 
expression was significantly reduced (p < 0.05) in the GK M0 macro-
phages compared to the SD M0 macrophages (Fig. 1c). 

Following M0 incubation with LPS, significantly increased secretion 
of IL-1β confirmed M1 macrophage phenotype polarization. There was 
no statistically significant difference in the level of IL-1β secretion be-
tween the healthy and diabetic rat derived macrophages (Fig. 1d). M2 
phenotype polarization following M0 incubation with IL-4 and IL-13 
was confirmed by increased IL-10 levels, although the IL-10 levels 
were significantly lower in the diabetic macrophages compared to 
healthy macrophages (Fig. 1e). Moreover, homogeneous macrophage 
phenotype polarization was also confirmed from immunofluorescence 
images of GK M1 and GK M2 cells cultured on TCP over seven days 
(Supplementary Fig. 5). 

3.2. M1 polarized macrophage response to SLA and modSLA surfaces in 
vitro 

3.2.1. Cytokine secretion profiles: GK M1 macrophages 
At various times over the seven days of culture, significantly higher 

(p < 0.05) levels of the pro-inflammatory cytokines IL-1α, IL-1β, MIP-2, 
MCP-1 and MIP-1α were shown to be secreted by GK M1 macrophages 
cultured on the SLA surface compared to those cultured on the modSLA 
surface (Fig. 2), reflecting temporal changes in cytokine secretion by M1 
macrophages with incubation on the different surfaces. For example, the 
mean levels of IL-1α and IL-1β secretion on the SLA surface remained 
relatively constant over 7 days of culture, whereas the M1 cells on the 
modSLA surface showed decreasing levels with incubation time. In 
contrast, MCP-1 levels on the SLA surface steadily increased with time of 
the culture, while levels on the modSLA surface peaked at 4 days and 
remained at that level at 7 days. Mean TNF-α, IL-10 and RANTES levels 
on both titanium surfaces remained relatively unchanged while MIP-2 
levels on the SLA surface increased over the seven days whilst remain-
ing constant on the modSLA surface. Finally, secretion of MIP-1α by GK 
M1 macrophages with culture on both surfaces decreased throughout 
the 7 days of culture, but a markedly reduced mean MIP-1α levels were 
noted on the modSLA surface at 1 day compared to the SLA surface 
(Fig. 2). 

3.2.2. Immunocytochemistry: GK M1 macrophages 
On the SLA surface (Fig. 3a–c), PE-CD11c labelled M1 macrophages 

(red fluorescence signal) expression was predominantly observed 
throughout the 7 days of culture and multi-nucleated giant cell forma-
tion was observed at day 4 and 7. On the modSLA surface (Fig. 3d–f), 
initially M1 macrophages expression was obvious at Day 1, however 
FITC-CD163 labelled M2 macrophages (green fluorescence signal) 
expression was gradually increasing at 4 and 7 days of culture. Unlike 
the SLA surface, no multi-nucleated giant cells were observed on the 
modSLA surface. 

3.2.3. Quantification of macrophage marker expression 
In order to quantify any changes in macrophage phenotype following 

M1 culture on the titanium surfaces, CD11c (M1) and CD163 (M2) 
marker expression was compared to the normalized signal intensities (i. 
e. per macrophage as described in the statistical analyses section) after 1 
day of culture (Fig. 3 g&h). In M1 cells cultured on the SLA surface, the 
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mean PE-CD11c signal/cell increased 75% by day 7 whereas the mean 
PE-CD11c signal/cell on the modSLA surface decreased by 50% 
(Fig. 3g). Moreover, the mean PE-CD11c signal/cell was also signifi-
cantly lower (p ≤ 0.0001) in the M1 cells cultured on the modSLA 
surface compared to that on the SLA surface after 7 days of culture 
(Fig. 3g). 

In marked contrast, on the SLA surface the mean FITC-CD163 signal/ 
cell was only marginally increased (<20%) at 7 days of culture, whereas 

the mean FITC-CD163 signal/cell following M1 culture on the modSLA 
surface increased significantly at both day 4 (p ≤ 0.01) and day 7 (p ≤
0.0001) compared to that on the SLA surface (Fig. 3h). 

Fig. 1. Macrophage phenotype confirmation. a). Representative immunofluorescence images of non-polarised healthy SD and diabetic GK bone marrow derived 
macrophages (M0) cultured on TCP plates for 7 days; PE-CD11c (Red – M1 marker), FITC-CD163 (Green – M2 marker) and DAPI (Blue – cell nuclei). b, c). iNOS and 
Arg-1 gene expression fold changes (c.f expression in healthy M0 at day 1) over 7 days of culture. d, e). IL-1β and IL-10 secretion levels (mean ± SD) by polarized 
Healthy and GK macrophages following stimulation with LPS (M1), and IL-4 and IL-13 (M2) respectively. No difference between Helathy and GK macrophages for IL- 
1β expression following LPS (M1 polarization) exposure (e). Significant effect of macrophage source (healthy vs GK) on IL-10 expression in response to M2 po-
larization (* Statistically significant difference p ≤ 0.05, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 2. Cytokine secretion (mean ± SD) profile of M1-polarised GK macrophages cultured on SLA and modSLA surfaces. ANOVA showed a significant interaction 
between titanium surface type and time for IL-1β, MIP-1α, MIP-2 & MCP-1 (*) Statistical significant difference (p ≤ 0.05, n = 3). No interaction for IL-1α, IL-10, TNF- 
α & RANTES but a significant surface effect. (*) Statistical significant difference (p ≤ 0.05, n = 3). 
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3.3. M2 polarized macrophage responses to SLA and modSLA surfaces in 
vitro 

3.3.1. Cytokine secretion profiles: GK M2 macrophages 
Compared to the response by the M1 macrophages, few significant 

temporal changes in cytokine secretion by the M2 macrophages with 
incubation on the different surfaces were observed. Of these, secretion of 
the anti-inflammatory cytokine IL-10 by GK M2 cells was significantly 
increased in response to the modSLA surface compared to SLA after 1 
day of culture. Overall the M2 cells produced lower amounts 

(approximately 5–10 fold) of the inflammatory cytokines IL1α, IL1β, 
MIP2 and MCP1 compared to the M1 cells regardless of the titanium 
surface (Figs. 2 and 4). No significant surface-mediated differences were 
observed for the remaining cytokines TNFα, MIP1α and RANTES 
(Fig. 4). 

3.3.2. Immunocytochemistry: GK M2 macrophages 
On the SLA surface, PE-CD11c labelled M1 macrophage (red fluo-

rescence signal) expression was minimal on M2 polarised macrophages 
at 1 day of culture. However, M1 marker PE-CD11c expression increased 

Fig. 3. a-f. Immunofluorescence images of M1-polarized GK macrophages cultured on SLA and modSLA discs. Multi-nucleated giant cell formation (white arrows) 
was observed only on the SLA surface; PE-CD11c (Red – M1 marker), FITC-CD163 (Green – M2 marker) and DAPI (Blue – cell nuclei). g, h. Quantification of changes 
in macrophage marker signal intensity per cell ( mean). ANOVA showed a significant interaction between titanium surface type and time. (*, **) statistically 
significant p ≤ 0.05, p ≤ 0.01, respectively, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 4. Cytokine secretion (mean ± SD) profile of M2-polarized GK macrophages cultured on SLA and modSLA surfaces. ANOVA showed a significant interaction 
between titanium surface type and time for IL1β, MIP1α, MIP2 & MCP1 (*) Statistical significant difference (p ≤ 0.05, n = 3). No interaction for IL1α, IL10, TNF & 
RANTES but a significant surface effect. 
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at 4 and 7 days of culture and multi-nucleated giant cell formation was 
observed (Fig. 5a–c). On the modSLA surface, FITC-CD163 labelled M2 
macrophage (green fluorescence signal) expression was prominently 
observed over 7 days of culture (Fig. 5d–f). No multi-nucleated giant 
cells were observed on the modSLA surface. 

3.3.3. Quantification of macrophage markers expression 
In M2 polarized cells cultured on the SLA surface, the mean M1 

marker CD11c signal/cell increased by 100% by day 7 compared to that 
after 1 day of culture, whereas on the modSLA surface, the mean CD11c 
signal/cell decreased to 45% by day 7 (Fig. 5g). These differences in 
CD11c signal/cell between M2 cells cultured on the SLA and modSLA 
surfaces were also statistically significant (p ≤ 0.0001). 

On the contrary, the mean CD163 signal/cell by polarised M2 mac-
rophages decreased by 50% over the 7 days of culture on the SLA sur-
face, whereas the mean CD163 signal/cell on the modSLA surface 
increased 50% over the 7 days of culture (Fig. 5h). For each observation 
time point at day 4 and 7, these differences in CD163 signal/cell be-
tween cells cultured on the SLA and modSLA were also statistically 
significant (p ≤ 0.0001). 

3.4. Gene expression analysis 

3.4.1. Macrophage phenotype (iNOS and Arg-1) 
M1 marker iNOS gene expression levels were significantly increased 

on the SLA surface in both M1 and M2 macrophage phenotypes at days 4 
and 7. However, on the modSLA surface, the iNOS gene expression levels 
were significantly reduced at day 4 and 7 for the M1 macrophages, while 
iNOS expression was consistently low for the M2 macrophages 

throughout the cell culture periods (Fig. 6a). Substantial increases in the 
expression levels of the M2 marker Arg-1 gene were observed when the 
M1 polarised macrophages were seeded on the modSLA surface, while 
the Arg-1 gene expression levels remained low on the SLA surface 
(Fig. 6b). In M2 polarized macrophages, the Arg-1 expression levels on 
the modSLA surface continuously 

increased over time, whereas on the SLA surface, the levels plateaued 
out by day 4 (Fig. 6b). 

3.4.2. Multi-nucleated giant cell (DAGK, DC-STAMP, DNAX and STAT1) 
Compared to the modSLA surface, DAGK, DC-STAMP, DNAX and 

STAT1 gene expression levels were significantly increased on the SLA 
surface at every time point over 7 days of culture regardless of macro-
phage phenotype (Fig. 6c–f). 

3.5. Macrophage – osteoblast indirect co-culture 

Conditioned media collected from M2 macrophages cultured for 4 
and 7 days on either titanium surface up-regulated osteogenic gene 
expression in healthy rat osteoblasts more so than M1 macrophage 
derived conditioned media from the same culture periods (Fig. 7a–e). 
Expression levels of ALP, BMP2 and RUNX2 were significantly (p <
0.05) increased when osteoblasts were cultured with conditioned media 
obtained from M1 polarized macrophages cultured for 4 days on mod-
SLA compared to SLA surfaces. Furthermore, COL1A1, BMP2 and 
RUNX2 gene expression levels were significantly (p < 0.05) elevated 
when they were cultured with conditioned media obtained from M2 
polarized macrophages cultured for 7 days on modSLA compared to SLA 
surfaces (Fig. 7a–e). 

Fig. 5. a-f. Immunofluorescence images of M2-polarized GK macrophages cultured on SLA and modSLA discs. Multi-nucleated giant cell formation (white arrows) 
observed only on the SLA surface; PE-CD11c (Red – M1 marker), FITC-CD163 (Green – M2 marker) and DAPI (Blue– cell nuclei). g, h. Quantification of changes in 
macrophage marker signal intensity per cell ( mean). ANOVA showed a significant interaction between titanium surface type and time. (** Statistically significant p 
≤ 0.01, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.6. Animal surgery 

All animals recovered from the surgery without complications. The 
GK rats showed mild-moderate elevation of mean Blood Glucose Levels 
(13.3 mmol/L) throughout the observation periods (Supplementary 
Fig. 2 - Appendix). Upon removal of the titanium discs, approximately 
10–15 μL of exudate could also be retrieved for the subsequent proteo-
mic analyses at sacrifice. 

3.7. Histomorphometric analysis 

At 14 days of healing, the mean percentage of total de novo bone 
formation in the critical sized calvarial defects were significantly (p <
0.01) higher on the modSLA surface than the SLA surface. The per-
centage of total de novo bone formation under the SLA and modSLA 
surface were 9.3 ± 4.7% and 19.9 ± 8.1% (mean ± SEM), respectively 
(Fig. 8a and c). 

At day 28, the differences in the total new bone formation under the 
SLA and modSLA surface discs remained statistically significant (p <
0.01), showing higher osseous bridge formation under the modSLA 
surface than the SLA surface (48.4 ± 6.9 c.f. 31.7 ± 3.8%) (Fig. 8b and 
c). 

3.8. Cytokine profiles (early inflammation) 

Levels of pro-inflammatory cytokines such as IL-1α, IL-1β and MIP-2 
under the SLA surface was markedly (p < 0.01) increased compared to 

the levels of the same cytokine levels on the modSLA surface at day 1 
(Fig. 8d–i). By day 4, these pro-inflammatory cytokine levels on the SLA 
surface were significantly decreased and maintained until day 7, post- 
operatively, while the secretion levels of the same cytokines on the 
modSLA were maintained low throughout 7 days of healing. At day 7, 
the mean MIP-2 secretion level on the modSLA was decreased but the 
difference failed to reach a statistical significance (p > 0.05). 

Throughout the 7 days of healing, the IL-10 secretion levels on both 
SLA and modSLA surfaces were not statistically different (p > 0.05) from 
each other and remained relatively low. Unlike other cytokines levels, 
the mean levels of RANTES on both SLA and modSLA surfaces showed a 
tendency of increasing secretion levels at day 4 and 7 (p > 0.05) (Fig. 8i). 

3.9. Microscopy 

SEM analysis of the cellular material adherent to the two different 
surfaces retrieved from the animals showed that a similar fibrin clot was 
present after one day in vivo. Adherent cells could also be seen attached 
to both the fibrin clot and the two titanium surfaces (Supplementary 
Fig. 6a-d - Appendix). No obvious visual difference in the nature or 
quantity of the cellular material could be identified between the tita-
nium surfaces at this time point. Subsequent image analysis of the ma-
terial recovered at the later time-point (Day 7 post-placement) showed 
the presence of increased numbers of macrophage-like cells, no obvious 
differences could be detected between the different surfaces. 

Fig. 6. (a–b) Gene expression (mean ± SD) analysis of polarised macrophage phenotypes following culture on SLA and modSLA surfaces. (a) iNOS and (b) Arg-1 
relative fold changes in gene expression (compared to day 1 M0 on TCP) over 7 days of culture. (c–f) Multi-Nucleated Giant Cell associated gene expression analysis. 
Relative fold change differences in DAGK, DCSTAMP, DNAX and STAT1 gene expression (compared to Day 1 M0 on SLA surface) over 7 days of culture. ANOVA 
showed a significant interaction between titanium surface type/macrophage phenotype combination and time. ( ) Statistically significant difference (p ≤ 0.05, n 
= 3). 

Fig. 7. a-e Relative fold change (mean ± SD) differences in ALP, COL1, OCN, BMP2 and RUNX gene expression following 72 h indirect culture in conditioned media 
collected from M1 and M2 macrophages cultured on the two titanium surfaces (SLA and modSLA) at days 1, 4 and 7. Fold changes compared osteoblast expression 
levels with that following indirect culture with healthy M1 macrophages cultured on the SLA surface for 1 day. ANOVA showed a significant interaction between 
titanium surface type and time for ALP, COL1, BMP2 & RUNX2 (*) Statistically significant (p ≤ 0.05, n = 3). 
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3.10. Immunocytochemistry of in vivo samples 

Immunofluorescent staining of cells adherent to the SLA and modSLA 
titanium discs was performed using the M1 (CD11c) and M2 (CD163) 
cell membrane markers to assess the phenotype of adherent macro-
phages at the early healing time points (days, 1, 4 and 7). At Day 1, a 
relatively higher amount of CD11c than CD163 fluorescent signal was 
found on both SLA and modSLA surfaces (Fig. 9a and d). By Day 4, a 
mixture of CD11c and CD163 signals was observed on the SLA and 
modSLA surfaces, however CD163 signal was more frequently expressed 
on the modSLA than the SLA surface (Fig. 9b and e). At Day 7 the cells 

adherent to the modSLA surface showed predominantly CD163 immu-
nofluorescent expression, while the immunofluorescent staining on the 
SLA surface resembled the immunofluorescent staining pattern observed 
on the modSLA surface at Day 4 (Fig. 9c &f). Unlike the in vitro study, it 
is important to note that the fluorescent signals obtained in this in vivo 
study could not be entirely attributed to different macrophage popula-
tion phenotypes on the Ti discs as other immune cells, such as neutro-
phils and dendritic cells, may share similar surface receptors (i.e. CD11c 
and CD163). Hence, a direct quantification of the adherent cell fluo-
rescence signals was not performed. Nevertheless, the ratio of CD11c to 
CD163 (M1/M2) expression was significantly (p < 0.01) reduced on the 

Fig. 8. (a & b) Toluidine blue-stained histologic sections (x20 magnification) of the calvarial defects under the SLA and modSLA titanium discs at days 14 and 28 of 
healing. Inset x 40 histologic images of a and b, respectively. OB: Old Bone, NB: New Bone. c). Histomorphometric analysis (mean ± SD) of total new bone formation 
(%) under the SLA and modSLA discs within the calvarial defects. (d–i) In vivo cytokine secretion (mean ± SD) profiles of the wound exudate associated with the 
titanium disk covered calvarial defects. ANOVA showed a significant interaction between titanium surface type and time for IL-1α, IL-1β and MIP-2 * Statistically 
significant (p ≤ 0.05, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

R.S.B. Lee et al.                                                                                                                                                                                                                                 



Biomaterials 267 (2021) 120464

10

modSLA surface at days 4 and 7 (Fig. 9g). 

3.11. Proteomic analysis of early osseous healing 

3.11.1. Titanium surface effects on adherent proteins 
Overall, peptide analysis of the material adherent to both titanium 

surfaces retrieved from all animals at Day 1 and 7, identified 48 unique 
proteins (Table 1), the majority (41 of 48) of which were identified in 
both healthy and diabetic animals. These proteins are involved in a 
range of biological functions including the transport of different nutri-
ents and metabolites, mediation of inflammation, wound healing and 
multiple regulatory roles. Five proteins (T-kininogen 2, Complement C4, 
Serine protease inhibitor A3N, Retinol-binding protein 4 and Apolipo-
protein A-I) were found to be only adsorbed onto the titanium surfaces of 
the diabetic animals, three of which (T-kininogen 2, Complement C4, 
Serine protease inhibitor A3N) are involved in the regulation of in-
flammatory processes. 

Of the 48 unique proteins, differential adsorption according to the 
type of titanium surface was observed. 17 proteins were uniquely 
adsorbed to the modSLA surface while only 4 were found to be unique to 
the SLA surface. Within these 21 differentially adsorbed proteins, the 
majority were associated with various regulatory or transport functions. 
Notably, of the six proteins associated with inflammation and wound 
healing, four were detected only on the modSLA surface (Table 1). 

3.11.1.1. modSLA c.f. SLA. The overall surface effects described in 
Table 1 were further considered separately in the healthy and diabetic 
animals. In healthy animals only (Fig. 10a), 25 of 43 proteins were 
adsorbed onto both the modSLA and SLA surfaces. A further 16 proteins 
were found to be unique to the modSLA surface while only 2 were 
unique to the SLA surface. Interestingly, within these differences, four 
proteins primarily associated with either wound healing (Fibronectin, 
fibrinogen ɣ-chain), inflammation (Ig gamma-1 chain C region) or the 
regulation of inflammation (T-Kininogen 1), were only detected on the 
modSLA discs (Fig. 10a). In the diabetic animals, 21 of the 31 adsorbed 
peptides identified were again common to both titanium surfaces 
(Fig. 10b). A further 6 proteins were found to be unique to the modSLA 
surface while 4 were unique to the SLA surface. Similar to the healthy 
animal results, the wound healing associated protein fibrinogen β-chain 
was only detected on the modSLA discs (Fig. 10b). 

3.11.1.2. Diabetes c.f. health. The diabetic status was found to have the 

most influential effect on the adsorption of proteins onto the two tita-
nium surfaces. Proteins adsorbed onto the SLA surface in the healthy and 
diabetic animals showed the greatest number of differences of all the 
comparisons i.e. 22 differentially expressed proteins (Fig. 10c). Notably, 
3 proteins associated with wound healing (fibronectin) and inflamma-
tion (complement C4 and Ig ɣ-1 chain C region) associated with either 
the modSLA surface or healthy animals in previous comparisons, were 
now shown to be adsorbed to the SLA discs in diabetic animals. Four 
proteins of similar wound healing/inflammation functions (fibrinogen 
β-chain, Ig lambda-2 chain C region, Ig gamma-2B chain C region and 
platelet factor 4) were again only associated with the healthy animals. 

Of the proteins adsorbed onto the modSLA surface (Figs. 10d), 24 
were common to both the diabetic and healthy animals while a further 
17 proteins were found to be unique to the healthy animals. Only 3 were 
unique to the diabetic animals. Whilst the functions of these differen-
tially adsorbed proteins were in various regulatory roles, notably 5 
differentially adsorbed proteins were again associated with either 
wound healing (fibrinogen ɣ-chain) or inflammation (Ig lambda-2 chain 
C region, Ig gamma-2B chain C region, Platelet factor 4, C-reactive 
protein). 

3.11.2. Exudate from healing wound 
In the wound exudate collected from the well-delineated healing 

bone defect beneath the titanium discs in the diabetic animals, 34 and 38 
proteins at 1- and 7-days post-surgery respectively were differentially 
regulated (modSLA c.f. SLA, corrected p-value < 0.05 and fold change 
difference >1.5). Of these, only 6 were common to both days (Table 2). 
At day 1 post surgery, fibronectin levels were significantly down- 
regulated in the modSLA exudate compared to SLA exudate (fold 
change 1.92) whereas anti-inflammatory proteins such as Annexin 
A1 (AnxA1 fold change 6.95), Protein S100-A8 (fold change 8.75) 
and Protein S100-A9 (fold change 6.82) were all significantly up- 
regulated within the modSLA exudate. Anti-inflammatory activity in-
hibitors such as Serine protease inhibitor A3N & A3K (SPA3N, SPA3K) 
were both downregulated in the modSLA exudate (fold change 1.54 
and 1.85, respectively). By day 7, while a similar number of differ-
entially expressed proteins (38) were still present in the wound exudate. 
Regulators of the inflammatory response; Murinoglobulin-1 (MUG1 fold 
change 1.56), Alpha-1-acid glycoprotein (A1AG fold change 1.5), 
Haptoglobin (HPT fold change 1.88) & Ig gamma-1 chain C region 
(IGHG1 fold change 1.63) continued to be significantly differentially 
expressed in the modSLA exudate. At this healing time point there was 

Fig. 9. a-f). Immunofluorescence images of SLA and modSLA discs recovered at Day 1, 4 and 7 post implantation; PE-CD11c (Red – M1 marker), FITC-CD163 (Green 
– M2 marker) and DAPI (Blue – cell nuclei). g). Ratio (mean ± SD) of M1 to M2 expression (CD11c fluorescence intensity/CD163 fluorescence intensity). * Sta-
tistically significant difference (p ≤ 0.01, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Table 1 
Adsorbed Protein analysis. Distribution of proteins common (H&D) and unique to healthy (H) and Diabetic (D) animals and 
common (M&S) or unique to the titanium surfaces mod SLA (M) and SLA (S). 
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also upregulated expression of proteins involved in cell proliferation; 
Myosin-9 (MYH9 fold change 2.24, Clusterin (CLUS fold change 
2.46, Structural maintenance of chromosomes protein 1A (SMC1A fold 
change 1.93) and bone homeostasis e.g. Alpha-2-HS-glycoprotein 
(FETUA fold change 1.81) in the modSLA exudate. 

4. Discussion 

4.1. Compromised M2 macrophage function in type 2 diabetes 

The Goto Kakizaki (GK) rats used in this study as a model for Type 2 
diabetes, are a non-obese Wistar sub-strain which develop diabetes early 
in life. Insulin resistance and impaired insulin secretion are common 
pathogenetical features of the strain which develop similar diabetic 
related complications to those found in human Type 2 diabetes [23]. 
This includes renal lesions [37], structural changes in peripheral nerves 
[38] and abnormalities of the retina [39]. 

The present study demonstrated that the function of M2 macro-
phages was compromised in GK rats, as demonstrated by significantly 
reduced levels of secretion of the anti-inflammatory cytokine IL-10 
following stimulation with IL-4 and IL-13. Further, while the pro- 
inflammatory function of GK-M1 macrophages (Fig. 1a–b) appeared to 
be unaffected, non-polarised or unstimulated (M0) GK-macrophages 
exhibited a pro-inflammatory state as early as day 1, suggesting that 
macrophage phenotype regulation is compromised in the diabetic 
animals. 

Dysregulation of M1 to M2 macrophage phenotype transition has 
been associated with impaired wound healing outcomes in diabetes 

[40], and macrophage dysfunction has been suggested as a potential 
aetiological factor in diabetic non-healing chronic wounds [5]. A dia-
betic pro-inflammatory environment was shown to induce a persistent 
M1 macrophage response during wound healing [41], which could be 
improved by inhibiting the IL-1β pathway, resulting in a promotion of 
the M2 reparative phenotype [42]. Moreover, the expression of 
anti-inflammatory genes (Ym1 and Arg-1) was reduced, while inflam-
matory cytokines (IL-17 and IL-20) were increased, in wounds in db/db 
diabetic mice [43]. Consistent with these findings, the present study 
found an increased pro-inflammatory response in Type 2 diabetes that 
may be attributed to reduced M2 macrophage function and a relatively 
unaffected M1 phenotype. 

4.2. Titanium surface modification: in vitro effects on diabetic 
macrophages and osteoblast interaction 

Macrophages are recognized as key mediators of surface-mediated 
osseous response, with recent studies elucidating some of the modSLA 
induced cellular and molecular mechanisms involved [15,44]. We have 
shown that IL-10 secretion by healthy M2 macrophages significantly 
increased in response to the modSLA surface compared to the SLA sur-
face over 7 days of culture, while IL-1α, IL-1β and MIP-1 secretion 
decreased in healthy M1 macrophages in response to the modSLA to 
levels similar to those seen when cultured on the SLA surface [14]. Thus, 
in healthy conditions, the modSLA surface not only reduces the 
pro-inflammatory response, but also promotes a transition towards an 
M2 phenotype. In the GK Type 2 diabetic rat however, M2 macrophage 
secreted IL-10 levels were only significantly higher at day 1 of culture on 

Fig. 10. Venn diagram of the numbers of differentially regulated proteins attached to the titanium surfaces. Effect of surface (SLA cf ModSLA) in a) healthy and b) 
diabetic animals. Effect of diabetic status (Diabetic (GK) vs Healthy) on c) SLA and d) modSLA titanium surfaces. The unique proteins in each subset are further 
categorised by biological function. 

R.S.B. Lee et al.                                                                                                                                                                                                                                 



Biomaterials 267 (2021) 120464

13

the modSLA surface compared to the SLA surface, while GK M1 
pro-inflammatory cytokine (IL-1α, IL-1β, MCP1, MIP1α and MIP2) levels 
were similar on the modSLA surface compared to the SLA surface after 7 
days of culture, consistent with previous M1 findings in healthy condi-
tions [14]. Moreover, approximately three times higher IL-10 secretion 
levels were observed when the healthy M2 macrophages were cultured 
on the modSLA surfaces at 7 day, as compared to GK M2 macrophages 
on the same surface in the present study [14]. This suggests that the 
immunomodulatory effects of the modSLA surface is similar in GK-M1 
macrophages compared to health, but may be reduced in GK-M2 
macrophages. 

Macrophage phenotypic modulation by the modSLA surface was 
demonstrated in vitro where CD11c (M1) expression was reduced by 
50% over 7 days of culture, while the CD163 (M2) expression was 
increased by 50%. Moreover, the immunomodulatory effects of the 
modSLA surface, where consistently lower levels of iNOS gene expres-
sion and higher Arg-1 gene expression were shown for both M1 and M2 
macrophages, are in agreement with previous studies [11–13,22]. 
Compromised diabetic M2 macrophage function was further supported 
by the immunocytochemistry analysis which showed that CD163 
expression (M2) was reduced by 50% at day 7, while CD11c expression 
(M1) was increased by 100% on the SLA surface when compared to 
healthy macrophages [14] where CD163 expression was stable during 7 
days of culture. Taken together, this suggests diabetic M2 macrophages 
on SLA surface may be more prone to exhibit a pro-inflammatory 
phenotype, which could be modulated by the modSLA surface, 

promoting a re-establishment of homeostasis in macrophage 
phenotypes. 

Following surgical implant insertion, bone formation requires a 
timely transition of macrophage phenotypes, from inflammatory to 
reparative, in order to recruit and activate osteoprogenitor cells 
[45–47]. In the present study, the expression of osteogenic genes 
(RUNX2, BMP2, ALP) was increased in osteoblasts indirectly co-cultured 
with GK-M2 macrophages, albeit to a lesser extent than previously 
observed in healthy macrophages [14]. 

4.3. MNGC formation 

Multi-nucleated giant cells (MNGCs) were more readily observed on 
the SLA surfaces at 4 and 7 days of culture for both M1 and M2 polarized 
macrophages. Giant cell formation along implant surfaces has been re-
ported in several previous in vivo and in vitro studies whereby giant cells 
found on successfully osseointegrated implant surfaces had cellular 
characteristics of both osteoclasts and MNGCs [48,49]. Whilst some 
studies suggest that MNGCs and osteoclasts are closely related and share 
core fusion molecular pathways [50], others have argued that MNGCs 
do not have osteoclastic-like bone resorbing capacity but rather express 
M2 macrophage-like wound healing properties [51,52]. 

To date, the role of MNGCs in osseous wound healing is poorly un-
derstood. Here, the expression of genes associated with macrophage and 
osteoclast fusion and multinucleation (i.e. DAGK, DC-STAMP, DNAX 
and STAT1 [50] were investigated in order to elucidate the molecular 

Table 2 
(a–b): Significant differentially (modSLA c.f. SLA) expressed proteins (p-value <0.05 and fold change difference >1.5) detected in the healing 
wound exudate 1 and 7 days post-surgery. The protein peaks were normalized to the total peak area for each run and subjected to a T-Test to 
compare relative protein peak areas between the samples. 
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nature of the MNGCs derived from the diabetic macrophages. Regardless 
of macrophage phenotype, gene expression levels were significantly 
elevated on the SLA surface compared to the modSLA surface over 7 
days of culture which correlates with the results of the immunocyto-
chemistry analyses. Although it is not possible to fully elucidate the 
nature and function of the MNGCs from these in vitro results, it is evident 
that the modified modSLA surface suppresses the expression of genes 
responsible for macrophage multinucleation, as previously demon-
strated that hydrophilic and/or nanostructured surface characteristics of 
biomaterials were able to decrease the rate of monocyte/macrophage 
adhesion and fusion [30,31,53,54]. 

4.4. Early osseous healing in type 2 diabetes 

In the present study, significantly improved osseous healing on the 
modSLA surface was observed in the calvarial defects at both 14 and 28 
days of healing (Fig. 8), demonstrating that the anti-inflammatory 
environment (i.e. M1/M2 ratio reduction and anti-inflammatory cyto-
kine profiles) at the early healing phases induced by the surface modi-
fication led to more de novo bone formation. When comparing 
histomorphometric outcomes using the same calvarial defect model, the 
Type 2 diabetes osseous healing outcomes were generally inferior to 
healthy but superior to uncontrolled Type 1 conditions [22]. 

The early inflammatory response in this Type 2 diabetes model was 
characterized by a down-regulation of the inflammatory response 
(decreased IL-1α, IL-1β and MIP-2 levels in the wound exudate at day) by 
the modSLA surface, along with a reduction in the M1/M2 ratio of 
adherent cells. Despite the compromised nature of the GK M2 macro-
phages (as shown in vitro), these results are similar to the effects of the 
modSLA surface in both healthy [14] and type-1 diabetic conditions 
[22]. Notably, the differences in cytokine levels on the two titanium 
surfaces at day 1 were more pronounced in this diabetic condition than 
those reported in healthy and type-I diabetic animal models [22], sug-
gesting that the immunomodulatory anti-inflammatory effects of the 
modSLA surface are more influential in chronic Type 2 diabetic condi-
tions. The reduced IL-1β secretion levels on the modSLA surface in the 
GK rats were of particular interest since the levels were similar to those 
found in the healthy animals (400–500 pg/ml) at day 1 [22]. Moreover, 
in our previous study in Type I diabetic conditions, there was an initial 
surge in secretion of the anti-inflammatory cytokine IL-10, at day 1 for 
both titanium surfaces [22]. Conversely, IL-10 secretion levels in the GK 
animals were suppressed from day 1 and kept low throughout the early 
phases of healing, regardless of the titanium surface characteristics. It is 
worth noting that it is not possible to attribute cytokine levels in vivo 
solely to macrophage secretion, considering the complex cellular 
composition of the early healing defect. Nevertheless, taken together 
these in vivo findings suggest that the main advantage of the modSLA 
surface on osseous healing in Type 2 diabetes is the down-regulation of 
the M1 macrophage phenotype rather than promotion of an M2 
phenotype. 

4.5. Proteomic analysis of early wound healing environment 

As the adsorption of blood proteins onto biomaterials such as tita-
nium occurs immediately following implantation, it’s widely recognized 
that this protein layer will have a significant influence on subsequent 
cellular responses to the biomaterial [55], including macrophages which 
are one of the first cells that are likely to come into contact with the 
biomaterial surface [56]. In the present study, proteins associated with 
both wound healing and immune response regulation, such as fibrin-
ogen, the osteoblast integrin ligand fibronectin, Ig gamma-1 chain C 
region, T-kininogen 1 and plasminogen, were all differentially adsorbed 
onto the modSLA surface in both healthy and diabetic animals. Cell 
adhesive extracellular matrix proteins, such as fibronectin, promote 
tissue healing and remodelling processes. Indeed, fibronectin coated 
titanium has been shown to promote osteoblastic attachment, 

differentiation and the expression of genes related to mineralisation 
[57–61]. Furthermore, plasminogen has been associated with macro-
phage polarization (M2 phenotype), resulting in resolution of inflam-
mation [62]. These findings show that the modSLA surface promotes the 
adsorption of proteins able to modulate macrophage phenotype transi-
tion that subsequently facilitates the resolution of inflammation, wound 
healing and osteogenesis in healing bone defects. This effect is upstream 
from recently reported mechanisms attributed to the role of macro-
phages in modSLA enhanced osseous healing [15,44]. 

The nature of the protein exudate collected from the well-defined 
defect beneath the titanium discs is also likely to be important in 
defining the downstream bone healing outcomes. In the present study, 
anti-inflammatory proteins such as AnxA1, S100-A8 and S100-A9 were 
significantly up-regulated within the modSLA exudate at the earliest 
healing time point. AnxA1 is an important mediator of inflammatory 
processes, including macrophage reprogramming toward an M2 
phenotype [63]. S100-A8 and S100-A9 are associated with modulation 
of inflammatory responses such as reduction of pro-inflammatory cy-
tokines, chemokines, ROS and NO [64]. As healing progressed, the 
SWATH analysis demonstrated a change in the makeup of the exudate, 
and by day 7 proteins associated with cell proliferation and bone ho-
meostasis were differentially upregulated in the modSLA group. Taken 
together, the proteomic data from the early wound healing events in vivo 
suggest that modSLA promotes osseous healing by promoting cell 
adhesion and proliferation through increased surface adsorption of 
fibronectin and fibrinogen, coupled with increased levels of 
anti-inflammatory proteins within the healing milieu and macrophage 
reprogramming via AnxA1. 

5. Conclusion 

This study provides empirical evidence for impaired M2 macrophage 
function in a rodent Type II diabetic model. The findings show that the 
modSLA surface can compensate for this impaired macrophage function 
by creating an environment that attenuates the inflammatory response 
during the early stages of osseous wound healing, thus restoring 
macrophage homeostasis and resulting in enhanced osseous healing in 
Type 2 diabetic conditions. 
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