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Abstract 

The implantation of medical devices often triggers a foreign body 

response (FBR), a major clinical challenge and leading cause of implant 

failure. Macrophages are central to this process, as they sense and 

respond to the mechanical and chemical properties of biomaterials, 

thereby influencing downstream inflammatory and fibrotic pathways. 

Existing studies on macrophage-biomaterial interactions are often 

limited by reliance on non-human or immortalised cell models, the use 

of stiffness ranges that exceed those of native soft tissues, and the 

presence of confounding variables. This thesis addresses these gaps by 

investigating how primary human monocyte-derived macrophages 

respond to biomaterials with tuneable mechanical properties, with 

particular emphasis on stiffness and stress relaxation.  In the first part of 

this work, alginate methacrylate (ALMA) hydrogels were optimised to 

cover a soft tissue-relevant stiffness range (0.25–4.5 kPa) and 

engineered with EDC/NHS chemistry to introduce surface 

modifications. While GRGDSP modification had only modest effects on 

macrophage polarisation, stiffness emerged as the dominant regulator of 

macrophage phenotype. Increasing stiffness promoted pro-

inflammatory activation, with the stiffest hydrogel (ALMA 6% w/v) 

inducing elevated TNF-α secretion, a higher calprotectin-to-mannose 

surface marker ratio and pronounced morphological changes that 

include elongation and spreading. These results demonstrate that even 

modest variations within the soft tissue–relevant stiffness range are 

sufficient to modulate macrophage behaviour, priming them toward a 

pro-inflammatory phenotype. The second part of this work examined 

viscoelasticity, a mechanical property that has only recently received 

attention as an independent regulator of cell behaviour. Through a 

systematic optimisation process in which multiple polyacrylamide 
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(PAAm) formulations were screened by varying both the total 

concentration of acrylamide and bisacrylamide and their relative ratios, 

we identified two formulations - PAAm 15% (acrylamide-to-

bisacrylamide ratio 80:1) and PAAm 20% (acrylamide-to-bisacrylamide 

ratio 300:1) - that exhibited comparable stiffness, porosity, and surface 

chemistry, but distinct stress relaxation profiles. This enabled the 

decoupling of viscoelasticity from other factors that could influence 

macrophage polarisation. PAAm 15% (80:1) exhibited predominantly 

elastic behaviour, showing minimal stress relaxation, whereas PAAm 

20% (300:1) demonstrated pronounced viscoelasticity, with a ~70% 

reduction in its relaxation modulus, occurring within a biologically 

relevant timeframe. Macrophages cultured on viscoelastic substrates 

showed increased spreading and higher eccentricity compared to those 

on the elastic hydrogel. Further characterisation revealed that the elastic 

substrate amplified pro-inflammatory responses, with higher 

calprotectin expression and enhanced secretion of TNF-α and IL-6, 

whereas anti-inflammatory markers remained unaffected by 

viscoelasticity, establishing stress relaxation as a key regulator of 

macrophage phenotype. 

Overall, this work demonstrates that macrophage responses are finely 

tuned by multiple mechanical cues, with stiffness and viscoelasticity 

exerting distinct and independent effects. By integrating human primary 

macrophages with biomaterials engineered for specific mechanical 

properties, this study clarifies conflicting literature results and advances 

the understanding of immune–biomaterial interactions. Importantly, the 

findings highlight the need to consider mechanical properties beyond 

stiffness when designing immunomodulatory biomaterials, offering new 

strategies to mitigate FBR and improve long-term implant performance.
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Chapter 1. Introduction 

1.1 Immune System & Response 

The immune system is a highly integrated network of lymphoid organs, 

tissues, cells, humoral factors, and cytokines that collectively function 

to protect the body against potentially harmful stimuli(1). These include 

pathogenic microbes, that can be inhaled or swallowed, as well as toxins 

and allergens(2). Such agents can alter the homeostasis of the host, 

either through their intrinsic pathogenicity, as in the case of viruses, 

which are obligate intracellular parasites(3-5) , or through external 

factors, such as antibiotic exposure or changes in the diet that alter the 

gut microbiota(6).  

The immune systems and its components are generally divided into two 

main groups: the innate and the adaptive immune systems(7). These 

differ in their specificity of response, time of activation(8), and the 

presence of immunological memory, a defining feature of the adaptive 

immunity(9). Despite the differences between these two branches of the 

immune system, both innate and adaptive responses are pivotal for 

protecting the organism and they work in synergy and co-operation to 

fight pathogens, neutralise toxins and allergens, and maintain the 

organism in physiological conditions. 

1.1.1 Innate Immune System 

The innate immune system, also known as nonspecific immune 

system(10), represents the first line of defence across a wide range of 

organisms, from vertebrates and invertebrates to plants(11, 12) and even 

prokaryotes(13). It is characterised by broad, non-specific mechanisms 

of actions and protective barriers, which can be divided in three different 
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groups, namely anatomic, physiologic, and phagocytic/endocytic 

barriers(14) as shown in Figure 1.1.1.1. 

 

Figure 1.1.1.1 Schematic representation of the innate immune 

system components, including anatomic, physiologic, and 

phagocytic/endocytic barriers. 

1.1.1.1 Anatomic Barriers 

Intact skin(15) and mucous membranes are anatomic barriers that 

respectively provide mechanical protection and serve as entrapment 

sites for microbes, that are physically hinder to entry the body. For 

instance, the colonic mucosa is key for separating the body from the 

microbes populating the intestine. When its homeostasis is disrupted, 

bacteria can easily translocate and tigger an inflammatory response(16). 

1.1.1.2 Physiologic Barriers 

Temperature and pH belong to the physiologic barrier group. High 

temperature plays a dual role, as it is not only associated with the 

inhibition of bacteria(17) and viruses(18) reproduction, but it also boosts 

the activity of immune cells and cytokines(19, 20). 

Chemical mediators, like lysozyme and the complement system, 

represent another sub-type of physiological barriers. 
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Lysozyme is a mucolytic enzyme involved in the cleavage of β-1,4-

glycosid bonds between N-acetyl muramic acid and N-acetyl 

glucosamine, peptidoglycan that are key components of the bacterial cell 

wall(21, 22). It can directly affect Gram-positive bacteria as 

peptidoglycans are found in the outer layer of their membrane. In 

contrast, Gram-negative bacteria possess an additional external 

membrane consisting of an inner leaflet made of bilayer phospholipids, 

and an outer leaflet of lipopolysaccharide(23). This results in the 

inability of lysozyme to directly access the peptidoglycan layer of Gram-

negative bacteria. However, the enzyme becomes effective once the 

complement and other enzymes disrupt the outer envelope and expose 

the peptidoglycan layer to degradation(24). 

The complement system consists of soluble plasmatic enzymes and 

membrane receptors involved in a cascade that ultimately leads to the 

lyses or phagocytosis of microbes(25). This system can follow three 

distinct pathways: the classical pathway(26), triggered by 

immunoglobulin M (IgM) and immunocomplexes, the lectin pathway, 

initiated by mannose-binding lectin (MBL) or ficolins, or the alternative, 

pathway that spontaneously initiates from the continuous regeneration 

of C3 component of the system(27, 28). 

Histamine is another key player of the physiological barriers. It is 

defined as “pleiotropic chemical mediator”, owing to its ability to bind 

four different receptors which activate different signalling 

pathways(29). Its biological effects include vasodilation and increase of 

vascular permeability(30), which facilitates the cell migration through 

the blood vessels, chemotaxis, that enables the recruitment of immune 

cells(31), and modulation of dendritic cells(32, 33). Interestingly, 

histamine can also exert anti-inflammatory properties. Binding to 

histamine receptor 2 (HR2) down-regulates histamine release from 
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basophils(34) and mast cells and inhibits synthesis of antibodies, 

cytokine production, and T cell proliferation(35). 

Another relevant chemical mediator is represented by the class of 

interferons (IFNs), which are divided into two big families. Type I IFNs 

(IFN-α, IFN-β, IFN-ε, IFN-κ, IFN-ω, IFN-δ, IFN-ζ, IFN-τ) are mainly 

secreted by plasmacytoid dendritic cells, although epithelial cells and 

neurons can also produce and release them during viral infections(36). 

Their primary function consists in fighting viral infections by interfering 

with viral RNA and DNA production and enhancing the recognition of 

infected cells(1). Additionally, type I IFNs possesses antiproliferative 

and cytotoxic properties towards tumour cells, and they can also inhibit 

angiogenesis(37). Type II IFNs, such as IFN-γ, are mainly produced by 

natural killer (NK) and innate lymphoid type 1 cells. IFN-γ is 

responsible for T-cell activation and inducing NO production in 

macrophages(38). NO is toxic on microorganisms and, depending on 

concentration and exposure time, can inhibit the activation of 

inflammatory cells. Prolonged high concentrations of NO suppress 

inflammatory activation of cells, whereas low concentrations determine 

vasodilatation and neutrophil recruitment(39), favouring a pro-

inflammatory response. 

1.1.1.3 Phagocytic and endocytic barriers 

Phagocytic and endocytic barriers of the innate immune system 

encompass cells such as macrophages, neutrophils(40), and dendritic 

cells(41) (DC). These cells can engulf and digesting pathogens, dead 

cells, and debris, through a process known as phagocytosis, or 

internalise and decompose foreign molecules found in their 

environment, through a process known as endocytosis. To initiate these 

processes, cells need to recognise specific patterns, termed pathogen-

associated molecular patterns (PAMPs), which are characteristic of 
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bacteria and viruses and include lipoproteins, lipopolysaccharide (LPS), 

flagellin, peptidoglycan, and viral fusion glycoproteins(42). 

While macrophages will be discussed in more detail in section 1.1.1.2, 

neutrophils and dendritic cells are briefly described here. 

Neutrophils are white blood cells generated in the bone marrow from 

hematopoietic stem cells. These progenitors can follow two distinct 

differentiation pathways to give rise to granulocytes, like neutrophils, or 

monocytes(43). A defining feature of neutrophils is the presence of 

granules, which are classified into three groups based on the timing of 

formation, protein content and functions(44). Primary (or azurophil) 

granules forms in promyelocytes (PM) and contain potent antimicrobial 

enzymes that help killing and degrading pathogens, such as 

myeloperoxidase (MPO), azurocidin, defensins, cathepsin G, and 

permeability-increasing protein (BPI), as well as proteases that are 

typically found in lysosomes. Secondary (or specific) granules develop 

in myelocytes and metamyelocytes and are enriched in enzymes and 

receptors that help neutrophils in the chemotactic process as well as 

enzymes that aid in the killing of bacteria, such as lactoferrin and 

collagenase (45, 46). Tertiary (or gelatinase) granules and secretory 

vesicles form during the final stages of neutrophil maturation. Tertiary 

granules mainly contain gelatinase, an enzyme that belongs to the matrix 

metalloproteinases family and is implicated in degrading and 

remodelling extracellular matrix (ECM)(47), an essential feature for 

neutrophil migration. Secretory vesicles have a pivotal role in neutrophil 

activities as they act as reservoirs of molecules that aid the attachment 

to the vascular endothelium(48). Neutrophils perform a variety of 

activities that range from fighting pathogens, through phagocytosis and 

degranulation, to promoting inflammation by releasing pro-
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inflammatory cytokines that recruit other immune cells to the site of 

interest(49).  

DCs are antigen-presenting cells (APCs) whose primary role consists in 

processing and presenting antigens. Both self and non-self antigens are 

reduced to epitopes to form complexes with the major histocompatibility 

complex (MHC) molecules and are then exhibited on the cell surface. 

Through this mechanism, DCs can crosstalk with T cells, inducing either 

immune tolerance, when self-epitopes are involved, or a cytotoxic 

response towards infected cells. They can also engage B cells and 

macrophages to respectively promote antibody formation and/or 

cytokine release(41, 50, 51). 

1.1.1.3.1 Monocytes 

Monocytes are white blood cells that represent ~10% of peripheral 

leukocytes in the blood(52). Prior to their release in the bloodstream as 

mature cell, monocytes undergo a well-regulated process of 

differentiation that starts in the bone marrow. Hematopoietic stem cells 

generate multipotent progenitor cells (MPPs), which give rise to both 

the myeloid and lymphoid lineages through differentiation into common 

myeloid progenitors (CMPs) and common lymphoid progenitors 

(CLPs). CMPs further differentiate into granulocyte macrophage 

progenitors (GMPs), which later turns into monocyte-

macrophage/dendritic cell precursors (MDPs). These can either result in 

common dendritic cell precursors (CDPs) or common monocyte 

precursors (cMoPs). The latter eventually mature into monocytes that 

are ready to be release into the bloodstream(53), where they circulate 

with a half-life of approximately three days(54). 

Human monocytes are defined as such by the presence of the surface 

marker cluster of differentiation (CD) 14. Given their heterogeneity 
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(55), monocytes can be divided into three subsets, depending on the 

expression of CD16(56). However, it is important to highlight that the 

functional characterisation of these different monocyte subpopulations 

has given inconsistent results across studies, particularly regarding the 

cytokine profiles(57). Classical monocytes are characterised by CD14 

only and represent the majority of the circulating monocytes. They are 

key effectors during infections as they produce high levels of pro-

inflammatory cytokines. Intermediate monocytes, which express high 

levels of both CD14 and CD16, are also responsible for secreting pro-

inflammatory cytokines and they seem to be involved in chronic 

inflammatory diseases. The third subset is represented by nonclassical 

monocytes, which seem to participate in inflammation, tissue repair and 

healing processes(58). 

The main role of monocytes is to act as reservoir of immune cells, 

contributing both for homeostasis and inflammatory purposes. They can 

leave the circulation and reach tissues where an inflammatory response 

is needed. Upon entering peripheral tissues, monocytes can differentiate 

into macrophages or DCs, depending on the local microenvironment and 

stimuli they are subjected to(59, 60). 

1.1.1.3.2 Macrophage 

Macrophages can be broadly classified as tissue-resident macrophages 

or monocyte-derived macrophages, depending on their origin. Tissue-

resident macrophages are a heterogeneous population that comprehend 

all macrophages found in peripheral tissues, where they behave like 

sentinels providing the first line of defence(61). Examples include 

microglia in the central nervous system, Kupffer cell in the liver, 

Langerhans cells in the epidermis, and osteoclasts, in the bones. Unlike 

monocyte-derived macrophages, these subset of macrophages do not 

derive nor depend on the HSCs in the bone marrow for replenishment. 
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In fact, tissue-resident macrophages are also capable of self-renewal 

through local proliferation, thereby maintaining homeostasis 

independently(62). They originate from the yolk sac and foetal liver 

during the embryonic and foetal stages of the pregnancy and they 

differentiate into the specific tissue-phenotype with the onset of 

organogenesis(63-65).  

Monocyte-derived macrophages originate from circulating monocytes, 

which migrate into tissues through the bloodstream in response to 

stimuli. Their differentiation is driven by the microenvironmental 

cues(66), leading to different activation states (Figure 1.1.1.3.2.1). 

 

Figure 1.1.1.3.2.1 Schematic showing macrophage polarisation 

pathways. Monocytes differentiate into macrophages through 

classical or alternative activation routes, depending on the stimuli.  

Classically activated macrophages, known as M1 phenotype, are 

induced by LPS, IFN-γ, and granulocyte-macrophage colony-

stimulating factor (GMCSF). They are pro-inflammatory cells that 
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produce and release pro-inflammatory cytokines, reactive nitrogen and 

oxygen intermediates(67), enzymes and acid molecules(68). 

Conversely, the alternative activation route leads to M2 phenotype that 

is described to have anti-inflammatory properties as it releases factors 

like IL-10, matrix metalloproteinases(69), and growth factors(70), 

supporting tissue repair and remodelling. Although macrophages have 

traditionally been classified as either M1 or M2, it is now recognised 

that they exist along a continuum of activation states(71), with M1 and 

M2 representing the prototypical pro- and anti-inflammatory extremes 

of this spectrum(72). For example, based on surface marker receptors, 

cytokine profiles, and specialised immune effector functions(73), four 

different subsets of M2 macrophages have been recently characterised, 

with M2a and M2c playing a role in anti-inflammatory, wound healing, 

tissue repair, and matrix remodelling activities(74).  

A third macrophage phenotype, termed naïve or M0 macrophages, 

represents non-activated macrophages that can be generated ex vivo by 

stimulation with macrophage colony-stimulating factor 1 (MCSF-1) 

only(75). They are characterised by phagocytic and pathogen detection 

abilities but they need to polarise towards M1 or M2 phenotype to 

acquire their full effector function(76).  

An important feature of macrophages is their high plasticity, allowing 

them to shift their phenotype in response to stimuli and environmental 

cues(77). As a result, the same population of cells can participate both 

in the induction and resolution of inflammation, depending on the 

microenvironment they are surrounded by(78). 

1.1.2 Adaptive Immune System 

The adaptive immune system complements the innate immunity by 

offering the ability to recognise a virtually unlimited array of antigens. 
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Unlike the innate immune response, which is evolutionarily conserved 

across species(79), the adaptive immune system is unique to vertebrates 

and represents a later evolutionary innovation(80). It provides highly 

specific immunological defence through the generation of antigen 

receptors and precise discrimination between self and non-self, thereby 

supporting a highly specific, more effective, and long-term protection. 

A defining feature of the adaptive immune system is immunological 

memory, which is the ability to recall past encounters with antigens, 

recognise them, and respond more rapidly and effectively upon re-

exposure(81, 82). Adaptive immune responses require longer time to 

develop as it involves the following consequential steps: recognition of 

specific antigens, evaluation of antigens, whether they are self or non-

self, and development of an antigen specific response(2, 14, 83). Key 

players of the adaptive immunity are two types of lymphocytes known 

as B cells and T cells(84), as shown in Figure 1.1.2.1. 

 

Figure 1.1.2.1 Schematic of adaptive immune response components, 

encompassing both humoral and cell-mediated immunity and key 

features. 

Both B and T cells originate from the CLPs in the bone marrow but 

subsequently commit to distinct developmental lineages(85). B cells 
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continue to mature within the bone marrow through a multi-step process 

involving several rearrangements and expression of the heavy and light 

chains genes of immunoglobulins, until complete IgM molecules are 

expressed and participate in forming the B cell receptors (BCR), that are 

found on the cell surface. These genetic rearrangements allow the 

immune system to generate millions of unique antigen receptors, 

enabling the body to respond to an immense variety of threats(86, 87). 

Immature B cells then undergo positive and negative selection processes 

that build up for central tolerance(88-90) and migrate to the spleen, 

where they complete their maturation process, becoming mature (or 

naïve) B cells; they are characterised by the expression of both IgM and 

IgD(91, 92). Mature B cells are divided into three major subsets 

according to their anatomical localisation(93). Marginal zone (MZ) B 

cells and B1 cells are activated by T cell-independent antigens (TI 

antigens), such as lipopolysaccharide and bacterial antigens, following 

the secretion of antibodies. Conversely, follicular B cells are mainly 

involved in responding to antigens that elicit helper T cells, known as T 

cell-dependent antigen. Following antigen binding, the BCR-antigen 

complex is internalised, processed and involved to form a complex with 

MHC II, which is essential to promote the activation of helper T 

cells(94-97). 

On the contrary, CLPs committed to the T-lineage migrate to the 

thymus, where they undergo maturation involving positive and negative 

selection. This process is essential to reach self-tolerance and leads to 

mature (or naïve) T cells(98). Mature T cells can be divided into two 

classes: CD4⁺ helper and CD8⁺ cytotoxic T cells(99). After leaving the 

thymus, they enter lymph nodes and undergo priming, a process where 

T cells interact with peptide-MHC complexes on APCs, which triggers 

a downstream process that leads to their activation. Helper T cells can 

differentiate into two different effector subsets: Th1 and Th2. Th1 cells 

https://www.nature.com/articles/nri3795#Glos4
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are responsible to promote cell-mediated immunity against pathogens 

by secreting interferon-γ (IFNγ) and tumour necrosis factor α (TNF-α), 

which promote phagocytic cell recruitment and activation. Th2 cells, by 

contrast, support the humoral response against extracellular organisms 

by releasing IL-4, IL-5, IL-10, and IL-13, which stimulate B cells to 

produce antibodies against extracellular pathogens(100). Upon 

activation, cytotoxic T cells directly eliminate infected or transformed 

cells using mechanisms such as perforin-mediated pore formation and 

the release of lytic enzymes that induce apoptosis in cancerous or virus-

infected cells(101, 102). Overall, the adaptive immune system provides 

a powerful and flexible, defence system that not only eliminates harmful 

pathogens but also learns from past encounters to protect the host more 

efficiently upon re-exposure. Its ability to adapt and evolve makes it 

indispensable for long-term immunity. 

There is growing evidence that the adaptive immune system also plays 

a significant role in modulating biomaterial responses(103, 104). T cells 

can be recruited to the implant site either directly, through recognition 

of antigens presented by antigen-presenting cells (APCs), or indirectly, 

via the cytokine milieu established during the early stages of 

inflammation(105, 106). Activated CD4⁺ T helper subsets, for example, 

can influence the polarisation state of macrophages: Th1 cells promote 

pro-inflammatory M1-like phenotypes via secretion of IFN-γ, whereas 

Th2 cells support M2-like, pro-healing macrophage phenotypes through 

the release of IL-4 and IL-13(107). Additionally, Th17 cells have also 

been implicated in fibrotic responses, as their signature cytokine IL-17 

stimulates fibroblast proliferation and collagen deposition, contributing 

to encapsulation of biomaterials(108). In addition, regulatory T cells 

may serve a counter-regulatory role by dampening local inflammation 

and limiting fibrosis, although their exact involvement in the FBR is still 

under investigation(109). 
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The adaptive immune system therefore can be seen as an active 

modulator of the response to biomaterials, bridging early inflammation 

with chronic outcomes. The interplay between T cells and macrophages 

can critically shape the quality of the fibrotic capsule, the persistence of 

inflammation, and the fate of implants. 

1.1.3 Foreign Body Reaction 

Every time a host is exposed to a non-self component the immune 

system perceives a potential danger and acts to protect the organism 

from it. When an implant is introduced into the body, both innate and 

adaptive immune system respond to it through a series of subsequent 

phases that ultimately lead to fibrous encapsulation (Figure 1.1.3.1), as 

it is perceived as foreign material(110, 111). 

 

Figure 1.1.3.1 Overview of the immune response to biomaterial 

implantation, showing key phases of wound healing and the foreign 

body reaction leading to either tissue repair or fibrous 

encapsulation. 

To insert an implant into the body, surgery is needed. This creates an 

injury in the tissues that surround the implant, triggering the start of the 

wound healing process. Serum proteins that escape the circulation 

through damaged blood vessels create a wound clot, known as early 
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provisional matrix, to stop the bleeding(112). In the presence of an 

implant, part of those proteins together with blood cells are adsorbed on 

the surface of the implant, generating what is known as late provisional 

hematoma matrix(113), made of fibrin, inflammatory mediators, 

platelets and endothelial cells(114). This blood-material interaction 

follows the principle of the Vroman effect, according to which protein 

adsorption is governed by mobility, affinity, concentration and 

molecular weight of blood proteins(115). Given these variables, the 

composition of the provisional hematoma matrix can vary over time and 

across different implanted materials, leading to differences in the 

immune response(116). These initial events involving protein 

adsorption represent a pivotal step as they also involve the release of 

mitogens, chemo-attractants, cytokines, and growth factors, which are 

all essential for the recruitment of immune cells and the wound healing 

process(112, 117). Members of the complement system and non-specific 

antibodies are also involved and provide recognition sites for immune 

cells, which otherwise have poor ability to bind directly to biomaterial 

surfaces(77).  

The haemostatic phase is followed by the inflammatory phase, which 

begins as an acute response, characterised mainly by the presence of 

polymorphonuclear leukocytes(118). If unresolved within the first week, 

the inflammation evolves to a chronic state, characterised by a persistent 

leukocytes and monocytes infiltration at the implant site 2-5 weeks after 

the surgery. Neutrophils and mast cells are the first immune cells to 

reach the implant site. Neutrophils are involved in removing debris and 

pathogens through phagocytosis and the release of proteolytic enzymes 

and reactive oxygen species(119), while mast cells release histamine and 

serotonin to induce vasodilatation and extravasation of cells from the 

bloodstream(120). Other types of cells involved in this phase are tissue-

resident macrophages(65) and circulating monocytes that later 
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differentiate into macrophages, as described in section 1.1.1.3.2. These 

scavenger cells phagocyte dead cells and damaged tissues, and attempt 

to engulf the implant, which can resist to this action due to its size and 

physicochemical properties(112). As inflammation persists, granulation 

tissue generates, characterised by the generation of small blood vessels 

by vascular endothelial cells, and infiltration of macrophages and 

fibroblasts (111, 121-123). 

A normal wound healing process would further progress with the 

proliferative and remodelling phases(124, 125). These two processes 

temporarily overlap, and involve the formation of collagenous ECM, 

that provides mechanical and architectural support. Through this 

network, fibroblasts can later migrate and transform it into a scar tissue. 

In the resolution phase, which comes last, fibroblast undergo apoptosis 

and healthy conditions of the tissue are restored(126, 127). 

When a biomaterial is implanted, however, this physiological wound 

healing trajectory is altered, giving rise to the foreign body reaction 

(FBR). FBR is generally characterised by elements of granulation tissue 

and foreign body giant cells (FBGCs); the precise composition in terms 

of cell population will depend on the form of the implant and its surface 

properties and topography(114). FBGCs, which are a sub-type of 

multinucleated giant cells, are generated from the membrane fusion of 

pro-inflammatory macrophages when the size of the foreign body 

exceeds their phagocytic capabilities(128-130). Similarly to their 

precursors, FBGCs, as bigger cells in size, attempt to digest the 

biomaterial through phagocytosis, but their phagocytic efficacy is worse 

compared to macrophages(68, 131).  

Ultimately, the immune response ends with the formation of a fibrous 

encapsulation that walls the implant off the body. The intent is to isolate 

a “non-self” material when macrophages and FBGCs fail in their attempt 
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to remove it through phagocytosis and biodegradation(132-134). 

Although this is a natural immune response that aims to protect the body 

from harmful pathogens and anything that can compromise the host’s 

wellbeing, FBR can severely jeopardise functionalities of implants and 

their therapeutic outcomes. 

1.2 Biomaterials 

The use of materials for medical applications dates to prehistoric times. 

Ancient civilisations, including the Egyptians, Mayans, Chinese, and 

populations in Africa and India, developed rudimental biomaterials for 

wound healing, dental and cranial repairs(135). Biomaterials are natural 

or synthetic substances, used alone or in combinations, to treat, augment, 

or replace tissues, organs, or bodily functions to maintain or improve the 

quality of life of the individual(136, 137). Based on their chemistries 

and properties, biomaterials can be divided into three main classes: 

metals, ceramics and polymers. 

1.2.1 Metals 

Biomedical metals are mainly known for their remarkable mechanical 

properties, such as strength, resistance, elasticity and ductility(138). 

These features make them particularly suitable for repairing or replacing 

damaged bone tissue, as they are capable to withstand load-bearing 

applications(139). Their performance is influenced by morphological 

characteristics, physicochemical structure, and surface properties(140). 

The main limitations associated to this type of biomaterials are the high 

specific weight and corrosion(135). Titanium, tantalum, cobalt-

chromium, magnesium, iron, zinc, steel, and their alloys are the most 

frequently used metals. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/morphological-trait
https://www.sciencedirect.com/topics/medicine-and-dentistry/morphological-trait
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Titanium and its alloys are considered the gold standard for biomedical 

implants. The implementation of bioactive coatings has also enhanced 

their effects on promoting cell adhesion, proliferation, and 

differentiation, particularly in bone regeneration(141). Given the 

structure similarity with human bones, tantalum represents a good 

alternative to titanium in the treatment of  bone defects. It is also known 

for promoting osteogenic differentiation, cell adhesion, and for 

regulating the osteogenic differentiation-related signalling(142). 

Cobalt-chromium alloys are also frequently used for bone regeneration 

applications due to their ability to stimulate osteoblastic cells, thereby 

supporting implant integration and the effectiveness of stem cell therapy 

in orthopaedic applications(143). An impactful limitation of these 

materials is related to the release of metal ions, that can lead to 

inflammation, long term-implant failure, and in severe cases, life-

threatening toxicity, such as cardiomyopathy, peripheral neuropathy, 

vision loss, and chronic respiratory disease(144). 

Magnesium alloys offer an additional advantage because they can be 

completely reabsorbed, meaning that a second surgery will not be 

needed for their removal upon fracture healing. To achieve the desired 

balance between mechanical support and corrosion rate, two different 

strategies can be put in place, such as varying the alloy composition or 

applying a coating material(145). 

The use of metals to treat medical conditions is not limited to implants 

for bone regeneration. For example, gold nanoparticles have gained 

interest as for their potential in drug delivery(146) and gene 

therapy(147). 

In summary, metals offer a versatile platform for regenerative medicine, 

with ongoing research focused on optimising their properties and 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/bone-defect
https://www.sciencedirect.com/topics/engineering/coating-material


Chapter 1 

18 
 

applications to expand their potential across a broad range of clinical 

contexts. 

1.2.2 Ceramic 

Ceramics are inorganic materials made of metallic and non-metallic 

atoms, interacting mainly via ionic bonds. Their structure can be 

crystalline, non-crystalline, or a mixture of both. Ceramics are known 

for their hardness, which is comparable to natural bones, as well as for 

their high resistance to loads and corrosion, and greater durability than 

metals and polymers in vivo. However, their major limitations reside in 

low resistance for tensile loads and susceptibility to brittle fractures. 

Owing to these properties, they are widely used in dental and 

orthopaedic applications for wound healing and tissue engineering(135). 

One of the most used ceramics in regenerative medicine is β-tricalcium 

phosphate (β-TCP) due to its synthetic nature, osteoconduction, 

osteoinduction, and cell-mediated resorption properties. It can also be 

exploited as a drug delivery carrier for locally releasing growth 

factors(148). 

Alumina is another clinically relevant ceramic, particularly in 

orthopaedic and dental implants, due to its high compressive strength 

and chemical inertness. Advances in new generations of this material 

have improved its density, purity, and grain size, significantly enhancing 

mechanical performance(149). 

More recently, ceramics have been combined with three-dimensional 

(3D) printing technologies to obtain customised porous scaffolds that 

mimic natural bone architecture. These porous structures facilitate 

vascularisation and nutrient diffusion, enhancing tissue integration and 

healing outcomes(150). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bone-conduction
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Overall, ceramics offer a diverse and adaptable platform for the 

development of next-generation scaffolds and implants in regenerative 

medicine, particularly for the orthopaedic dental, and craniofacial fields. 

1.2.3 Polymers 

Polymers represent the third class of biomaterials and, among all, they 

are considered the most versatile as they are easy to process and sterilise, 

they have a long shelf life, and their physical and chemical properties 

are tuneable(138). Polymers are macromolecules made of repeating 

units, known as monomers, that are arranged in long chains wherein they 

are connected through covalent bonds. They can be classified as 

homopolymers or heteropolymers based on the identical or different 

nature of the monomers. Polymer structure can be linear or branched, 

depending on whether side chains depart from the main backbone. 

Polymers can be either synthetic or natural. 

Synthetic polymers are artificially produced in laboratories. They play a 

central role in modern medicine due to their tuneable mechanical and 

degradation properties, mechanical robustness, and versatility across a 

wide range of therapeutic and diagnostic applications. Additionally, they 

are characterised by higher reproducibility and purity compared to 

natural polymers, which is a major advantage when using them for 

medical applications(151). However, their main limitation lies in the 

reduced ability to interact with cells(152). 

Thanks to their physicochemical properties, polymers are widely used 

to coat surfaces, making them an attractive tool for antifungal, 

antiviral(153) and antibacterial(154) purposes. They can also be used as 

matrixes to encapsulate antiviral or antibacterial drugs to enhance their 

delivery and therapeutic outcome. For example, VivaGel® consists of a 

benzylhydramine-amide-lysine core with functional groups capable of 
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binding genital herpes and HIV, preventing them from infecting 

cells(155). Zwitterionic polymers have shown to resist bacterial 

adhesion by forming a stable hydration layer. Recent studies on poly 

(sulfobetaine methacrylate) and poly (carboxybetaine methacrylate) 

have shown a significant reduction in the biofilm formation(156). In 

tissue engineering, biodegradable synthetic polymers like poly(ε-

caprolactone), poly (glycerol sebacate), poly (lactic-co-glycolic acid), 

polyurethane, and poly(l-lactide) have been fabricated as nanofibres for 

myocardial regeneration, with surface modifications to better mimic the 

natural structures(157). Similarly, tuneable mechanical properties, 

porosity, controllable degradation, and ease of fabrication make 

synthetic polymers such as polyanhydrides, polypropylene fumarate, 

polycaprolactones, polyphosphazenes, polylactide, and  polyglycolide  

good candidates for bone tissue engineering(150). 

Natural polymers are synthesised through biological processes and can 

be naturally found in the environment. This class includes 

macromolecules with different chemistries and functions, such as starch, 

wool, proteins, DNA, cellulose, polysaccharides, glycosaminoglycans, 

and many more. Their advantages reside in the fact they are readily 

available and have low cost. However, the main limitations can be 

summarised as high variability across batches due to the natural sources, 

limited mechanical strength, high sterilisation costs, and unwanted 

reactions given by impurities(152). 

1.2.3.1 Hydrogels 

Due to their physicochemical similarity to the ECM, hydrogels have 

become pivotal in biomedical applications such as drug delivery, tissue 

engineering, and regenerative medicine. Hydrogels are a specific type 

of polymeric network characterised by high affinity to water, which is 

https://www.sciencedirect.com/topics/materials-science/polypropylene
https://www.sciencedirect.com/topics/materials-science/polylactide
https://www.sciencedirect.com/topics/chemical-engineering/polysaccharide


Chapter 1 

21 
 

incorporated inside their 3D structure due to the presence of highly 

hydrophilic groups in the polymeric chains. They are formed through a 

process called gelation, that involved the cross-linking of polymeric 

chains in the presence of water, which remains entrapped in the forming 

network. Depending on their chemical structure, gelation can happen 

through physical interactions, chemical reactions, or a mixture of both. 

Physical hydrogels generate through weak interactions between polymer 

chains, including ionic forces, Van der Waals interactions, 

polyelectrolyte complexation, stereocomplexation, and hydrophobic 

forces. The crosslinking is generally induced by changes in 

intermolecular forces, that can be induced by variations in ionic strength, 

heat, light, pH, pressure, sound, electric field or due to the presence of 

certain molecules(158). Due to the weak nature of the forces involved, 

these hydrogels have a short lifespan, and they are highly sensitive to 

changes in the surrounding environment, making the control over their 

mechanical properties a big challenge(159). Chitosan-based hydrogels 

are an example of physical hydrogels. The amino groups, protonated at 

acidic pH, can establish ionic interactions with negatively charged 

molecules and anions across different chains. Hydrogen bonds involving 

the hydroxylic can further contribute in stabilising the 3D-network(160). 

Given the mechanism that leads to the hydrogel formation for these 

systems, an increase in pH above 6 results in a reduction in the ability 

of forming the network(161). 

To increase stability of physical hydrogels, dual crosslinking strategies 

have been explored. For example, the work on a hydrogel made of 

calcium-crosslinked xanthan gum and hydrophobically associated 

polyacrylamide showed improved mechanical properties and high 

thermal and environmental stability, making it a promising material for 

load-bearing and durable applications(162).  
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Chemically crosslinked hydrogels are an alternative to better control 

properties like swelling, degradation rate, and mechanical strength. 

They form via covalent bonds induced through the addition of small 

molecules or by polymer-polymer conjugation(163). Polyacrylate gels 

are an example of chemically crosslinked gel formed through the 

establishment of covalent bonds using small molecules, like diethylene 

glycol diacrylate (DEGDA), poly(ethylene glycol) diacrylate (PEGDA), 

and N,N’-methylenebis(acrylamide) (BIS), tetraethyleneglycol 

dimethacrylate (TEGDMA). To further increase the robustness of 

hydrogels, macro cross-linkers, such as silica and graphene, can also be 

introduced. However, their big sizes might lead to uneven cross-linking 

within the network. Therefore, tuning the crosslinker size and 

concentration is essential to achieve the desired mechanical properties. 

Acrylated polyethylene glycol is an example of cross-linker that 

integrates the advantages of both small molecular cross-linkers, as it 

generates a uniform system, and macro cross-linkers, with numerous 

physical entanglements(164). A major limitation of chemically 

crosslinked hydrogels lies in the potential toxicity of residual unreacted 

crosslinkers. 

The polymer-polymer conjugation strategy can take place when the 

chains are chemically modified with cross-reactive groups. For example, 

Hiemstra C. et al. developed hydrogels by mixing vinyl sulfone-

functionalised dextrans and mercaptopoly(ethylene glycol), that formed 

the network through Michael type addition(165). With this approach, in 

situ formation of the hydrogel can be achieved. However, a big effort in 

chemically modify the polymers is needed and potentially toxic 

materials can be generated(163). Most covalent crosslinking happens 

via radical reactions. Ionic initiators need to form ions to start the 

polymeric reaction. Redox initiators rely on a redox reaction to generate 
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active species(166, 167). Photoinitiators are light-sensitive molecules 

that generates radical species upon exposure to UV or visible light(168). 

Thermal initiators are sensitive to changes in temperature and generates 

radicals due to a change in temperature(169). More recently, enzymatic 

crosslinking has gained attentions as it exploits physiological enzymes, 

such as transglutaminase, tyrosinase, phosphopantetheinyl transferase, 

lysyl oxidase, plasma amine oxidase, phosphatases, thermolysin, β-

lactamase and phosphatase/kinase, and peroxidases to induce gelation. 

These systems have the advantages of allowing in situ polymerisation at 

physiological conditions, avoiding invasive procedures, as well as mild 

polymerisation conditions, and no use of initiators, that can potentially 

show toxicity(170). 

1.2.3.1.1 Alginates and Methacrylate Alginates (ALMA) 

Alginates are natural polymers found and obtained from the cell wall of 

brown algae and certain bacteria. They are anionic polysaccharides 

made of -L-guluronic (G) acid and -D-mannuronic (M) acid, linked 

through 1,4-glycosidic bonds. Depending on the source, this copolymer 

may vary in terms of G and M composition, sequences of M and G 

blocks and degree of polymerisation(171). There are many advantages 

related to the use of alginates, such as low cost and toxicity(172), but 

also they are characterised by a structure that can be easily modified by 

introducing new moieties on either hydroxylic or carboxylic groups, 

which are reactive functional groups. In addition to these, alginates have 

been widely used as excipients for a variety of purposes in different 

types of formulations, like suspending agent, tablet binder and 

controlled-release matrix(173). They also find applications in the tissue 

engineering and regenerative medicine fields. In fact, they can be used 

to obtain hydrogel-based wound dressings(174) and for cell 

encapsulation given their mild gelation conditions and low toxicity. For 
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examples, it has already been shown the pancreatic islet encapsulation 

in alginate-based hydrogels to treat type 1 diabetes(175). 

Despite these several advantages that come with using alginates, there 

are notable drawbacks that needs to be addressed and overcome. Given 

that alginates are extracted from natural sources, chances of 

contaminations are high. Initially, endotoxins were considered the main 

cause of immune activation. However, even alginates with undetectable 

endotoxins have been shown to elicit the immune response. This 

indicates that the material itself can contribute to immunogenicity, 

highlighting the need for further modifications to enhance its immune 

compatibility(176). Another major limitation is the gelation process. 

Alginate forms their 3D network through ionic-crosslinking, a process 

that follows the egg-box model, in which guluronate carboxylic groups 

on two adjacent antiparallel chains coordinate divalent cations(177). 

Because the most common gelation agents, such as CaCl2, are highly 

soluble in water, the reaction rate is very difficult to control. This can 

potentially affect the uniformity and strength of the hydrogel: the higher 

the gelation rate, the lower the uniformity and mechanical integrity. 

Another significant disadvantage is the poor long-term stability as 

divalent cations can be exchanged with monovalent cations that are 

found in higher concentrations in body fluids, leading to the 

disintegration of the network. Lastly, the release of Ca2+ from the 

hydrogel could also promote haemostasis. 

The introduction of methacrylic moieties into the alginate polymeric 

chains can overcome the limitations as methacrylate alginate (ALMA) 

hydrogels can be obtained through photo-crosslinking(172). The main 

advantages lie in obtaining hydrogels with higher structural 

stability(178) due to the formation of covalent bonds between polymeric 
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chains and in the opportunity to tune mechanical properties, based on 

the polymer concentration and degree of methacrylation(179). 

1.2.3.1.2 Polyacrylamide Gels (PAAm) 

Polyacrylamide hydrogelgels are versatile synthetic materials widely 

used in mechanobiology to investigate how cells sense and respond to 

mechanical cues from their environment. They are formed by the 

copolymerisation of acrylamide and N,N'-methylenebisacrylamide 

(BIS) monomers, which can be initiated in the presence of a catalyst, 

such as N’,N’,N’,N´-tetramethylenediamine (TEMED), and an initiator, 

such as ammonium persulfate (APS). By adjusting the total 

concentration (T) of acrylamide and BIS, which is the crosslinking 

agent, as well as the ratio between these two components, it is possible 

to precisely control the stiffness and viscoelastic properties of the 

resulting gel. This tuneability makes polyacrylamide gels an ideal 

platform for mechanobiology studies, allowing researchers to mimic 

mechanical properties of a wide range of tissues, both soft and hard, only 

by changing the composition of the components(180-183). 

Unlike naturally derived matrices, polyacrylamide gels are biologically 

inert, meaning they do not provide intrinsic biochemical cues for cell 

attachment(184). This makes them highly versatile as they can be 

selectively functionalised on the surface with adhesion proteins such as 

fibronectin, collagen, or RGD-containing peptides, offering the 

possibility to control the attachment motifs density that are presented to 

cells(185). The main drawback of this material resides in the toxicity of 

acrylamide and BIS as monomers, which can affect the nervous 

system(186, 187) and the kidneys(188). Although the polymerised gel is 

considered nontoxic and safe for cell culture(189), the inherent toxicity 

of the monomers restricts its use to applications requiring cell 
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encapsulation, as it is crucial that cells are added to the system before 

the gelation process starts. 

As the field of mechanobiology continues to grow, polyacrylamide gels 

remain indispensable tools due to their reproducibility, chemical 

versatility, and ability to model physiologically relevant stiffness ranges 

and viscoelastic properties. They are also being integrated into organ-

on-chip systems(190) and 3D culture platforms(180) to explore more 

complex biomechanical environments. Overall, polyacrylamide gels 

offer a robust and customisable platform for dissecting the biophysical 

interactions between cells and their microenvironment, making them 

essential for advancing our understanding of the cellular mechano-

transduction. 

1.2.4 Design of Immunomodulatory Hydrogels 

A critical area of interest is the immunomodulatory potential of 

hydrogels. Understanding how they interact with the immune system to 

promote tissue integration while reducing phenomena that lead to 

implant rejection is crucial. Efforts have moved towards mimicking the 

native tissue environment, providing cells with mechanical and 

chemical cues that support regeneration and maintain tissue-specific 

functions. This biomimetic approach aims to recreate the feature of the 

tissue surrounding the implant site. The emergence of 3D bioprinting 

has significantly advanced this strategy, enabling precise scaffold 

fabrication with enhanced reproducibility and closely replicating the 

native properties of the targeted tissues(191). However, matching tissue 

properties is not always necessary and, in some cases, may be less 

important than endowing the scaffold with specific characteristics that 

actively modulate the host response. Biomaterial properties such as 

stiffness and viscoelasticity can be strategically tailored to influence 

cellular behaviour, protein adsorption, and immune cell recruitment. By 
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optimizing mechanical and chemical properties, it is possible to limit 

inflammation and reduce FBR. This perspective shifts the design 

rationale from purely mimicry of tissue to active control of the host-

material interaction, obtaining immunomodulatory platforms that guide 

healing and long-term implant success.  

The potential of hydrogels to influence the immune response arises from 

their tuneable physical and chemical properties, as well as the possibility 

to encapsulate bioactive molecules and living cells to drive immune cell 

behaviour within their network (Figure 1.2.4.1) 

 

Figure 1.2.4.1 Overview of key hydrogel design parameters and 

strategies to tune material properties for regulating immune cell 

behaviour. 

 

1.2.4.1 Physical properties 

One of the fundamental physical parameters influencing immune cell 

response is the dimensionality of the environment. In vitro studies are 

traditionally conducted on two-dimensional (2D) surfaces, which do not 
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accurately reflect the in vivo architecture of tissues. Three-dimensional 

(3D) environment, such as hydrogels, more closely replicate the 

complexity of ECM and offer an alternative which better represent 

physiologically relevant conditions. It has been shown that immune cells 

exhibit distinct morphological and functional phenotypes when cultured 

in 3D environment compared to 2D substrates(192). For example, DCs 

tend to exhibit a more elongated morphology and higher expression of 

surface markers and cytokines when cultured on a 2D substrate. When 

they are found in a 3D environment, marker expression and cytokine 

profile seems to be driven by collagen matrix density(193). Similarly, 

monocyte differentiation and macrophage polarisation are also affected 

by dimensionality. For example, THP-1 cells spontaneously differentiate 

into macrophages when cultured in a 3D environment, whereas 

additional stimuli need to be provided in a 2D system(194, 195). 

Beyond dimensionality, stiffness is another physical property that plays 

a critical role in shaping the immune response(196). By tuning the 

crosslinking density or polymer concentration, it is possible to obtain 

hydrogel characterised by a wide range of stiffnesses. Numerous studies 

have focused on the role of stiffness in driving the immune response, 

with a particular focus on macrophages. Despite the extensive research 

in this field, the effect of stiffness is still unclear as findings across 

studies have often shown contradictory results. Several studies showed 

that an increase in stiffness leads to a pro-inflammatory response(197-

199), while others demonstrate that soft gels promote M1-like 

phenotype(200-202). These inconsistencies highlight the complexity of 

mechanotrasduction pathways and the need of more studies to ultimately 

determine the ideal stiffness for the rational design of 

immunomodulatory biomaterials. 
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Viscoelasticity is a property that has garnered growing interest in recent 

studies. Viscoelastic materials exhibit both solid- and fluid-like 

behaviour, leading to a decrease in relaxation modulus (G(t)) under 

constant strain. This energy-dissipative behaviour arises from the 

material’s viscous component(203), with loosely crosslinked networks 

showing faster relaxation due to their more liquid-like (or viscous) 

character. Several studies have shown how viscoelasticity affects 

different cell types and their behaviour. In human pluripotent stem cells 

(hiPSCs) alginates with fast stress relaxation supported hiPSC survival, 

proliferation, polarisation and lumen formation structures, whereas slow 

relaxation induced apoptosis(204). Human mesenchymal stem cells 

(hMSCs) on highly viscoelastic hydrogels exhibited increased 

proliferation, spread area and differentiation, particularly towards 

smooth muscle cell commitment(205, 206). Skeletal muscle satellite 

cells(207) and myoblasts(208) also displayed enhanced viability, 

spreading and proliferation on stress-relaxing hydrogels. In fibroblasts, 

high viscoelasticity promoted cell spreading and focal adhesion 

maturation, counteracting the stiffening effect of elastic substrates(209). 

Migration and myofibroblastic differentiation were also affected(210). 

A study on breast epithelial cells revealed that viscoelasticity regulated 

cell spreading, adhesion, mechano-transduction, and migration(211). 

Hepatocellular carcinoma cells showed faster spreading, larger area, 

greater motility, and multiple protrusions on viscoelastic substrates, 

oppositely to healthy hepatocytes(212, 213). Similarly, adenocarcinoma 

and fibrosarcoma cells migrated effectively on fast-relaxing 

hydrogels(214). The effect of viscoelasticity on immune cells, 

particularly macrophages, remains poorly understood, and addressing 

this gap is a central focus of this thesis. 

Another mechanical property that influences immune cells is porosity. 

The architecture of the hydrogel network determines the pore size and 
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network density, influencing the extent to which immune cells can 

infiltrate the material, the diffusion of nutrients and signalling molecules 

like cytokines. Highly porous hydrogels facilitate immune cell 

infiltration, enabling cell–cell communication, whereas tightly 

crosslinked hydrogels with small pores can physically block immune 

cell penetration. For instance, a work that focused on the interplay 

between elasticity and pore size showed how a reduced pore size in 

alginate hydrogel effectively delayed the diffusion of proteins and 

limited the infiltration of TNF-α, contributing to an “immunoprotective” 

microenvironment that supported mesenchymal stem cells (MSCs) 

viability and function(215). 

Topography also plays a crucial role in driving the material-cell 

interactions. Advances in micro- and nanofabrication have enabled the 

design of surfaces with precise topographical features(216). Luu T.U. et 

al. showed how surface topography can be strategically used to 

modulate macrophage behaviour and promote a pro-healing immune 

response. Micro- and nanopatterned grooves on titanium surfaces were 

prepared with sizes ranging from 150 nm to 50 μm. Primary murine 

macrophages showed a pro-healing phenotype when cultured on groove 

sizes ranging from 400 nm to 5 μm in width, with an increased secretion 

of the anti-inflammatory cytokine IL-10(217). These findings 

demonstrate that surface geometry can direct macrophage polarisation, 

offering a promising strategy for the design of immunomodulatory 

biomaterials. It is important to highlight that surface topography directly 

affects protein adsorption patterns, thereby influencing the formation of 

the provisional haematoma matrix, cell attachment and the downstream 

of signalling pathways of immune cells(218). 
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1.2.4.2 Chemical properties 

In addition to physical properties, the chemistry of hydrogels also plays 

a vital role in eliciting immune response. 

One of the most studied chemical properties is wettability, which 

determines the interaction of a material with water and biological fluids. 

Hydrophilic surfaces, characterised by chemical groups that interact 

well with water such as hydroxylic or charged groups, tendo to resist 

nonspecific protein adsorption. Several studies have shown that 

hydrophilic surfaces favour anti-inflammatory macrophage activation, 

partly by modulating integrin-mediated signalling pathways. In contrast, 

hydrophobic surfaces, which tend to repel water, seem to promote a pro-

inflammatory response that eventually leads to fibrous capsule 

formation(219, 220). By fine-tuning the balance of hydrophilicity and 

hydrophobicity, hydrogel surfaces can be optimised to either suppress or 

promote the activation of immune system. 

Electric properties are also implicated in the immune system activation. 

Conductive hydrogels, which incorporate components such as 

polypyrrole or graphene oxide, have traditionally been explored in 

neural and cardiac applications, but recent studies have shown that these 

materials can also influence immune cell functions. Macrophages as 

well as T and B lymphocytes are electrically responsive cells and 

conductive hydrogels can modulate ion flux across cell membranes, 

influencing their polarisation status, cytokine secretion profiles, 

phagocytic behaviour, migration, and differentiation(221). 

The presentation of molecular cues on the hydrogel surface can be 

another option to regulate the immune response. Hydrogels can be 

chemically modified to display ligands, peptides, or epitopes that engage 

specific receptors on immune cells. For example, the presence of 
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integrin-binding motifs like arginine-glycine-aspartate (RGD) sequence 

enhance cell adhesion, with focal adhesions acting as a bridge between 

the extracellular environment and the cytoskeleton. The presence of 

binding motifs onto the material surface is essential to promote cell 

attachment and have subsequent mechano-transduction. By changing 

the density of these pro-attachment sequences, differences in the cell–

matrix interactions can be achieved, and these will be translated into 

different immune responses(222). 

Hydrogels can be also functionalised with a variety of chemical cues 

that are known to modulate cell behaviour. For example, using a 

combinatorial approach, Vegas A. et al. developed a library of 

chemically modified alginate hydrogels and observed that three triazole-

containing variants significantly reduced the inflammatory responses 

and fibrosis in non-human primates. These modifications appear to 

modulate macrophage activity, disrupting fibrotic processes and 

enhancing long-term implant biocompatibility(223). 

It is important to highlight that chemistry plays a critical role in 

modulating cell-biomaterial also because it directly affects the 

adsorption of proteins from serum or culture media onto the substrate 

surface(224). The amount, composition, and conformation of the 

adsorbed protein layer vary depending on the material’s chemical 

properties, and this layer critically determines the presentation of 

adhesive motifs to cells. Variations in this protein layer directly 

influence how integrins engage with the substrate, thereby modulating 

the formation of focal adhesion complexes. These integrin-based 

adhesion sites act as central mechano-transduction bridges between the 

extracellular environment and the cytoskeleton(225), ultimately 

regulating downstream signalling cascades that control cell adhesion, 

spreading, migration, and differentiation. Importantly, these effects can 
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occur independently of the bulk mechanical properties of the material: 

even substrates with comparable stiffness may elicit distinct cellular 

responses if their surface chemistry drives differential protein 

adsorption. 

1.2.4.3 Delivery of Immunomodulatory Molecules 

Perhaps the most versatile immunomodulatory strategy is the use of 

hydrogels as reservoir for delivering bioactive molecules. Cytokines and 

chemokines are among the most potent immune regulators and can be 

loaded into hydrogels for sustained and localised release. Depending on 

the system, the controlled release can be achieved through various 

mechanisms, such as tuning mechanical features like porosity and 

swelling, exploiting affinity interactions between the active molecules 

and hydrogel components, covalent bonding with cleavable linkers, or 

stimuli-responsive systems that degrades and release the active 

ingredient(195, 226). 

Our work on 3-sulfopropyl acrylate potassium salt (SPAK)–

poly(ethylene glycol) diacrylate (PEGDA) hydrogels is an example of 

how the combination of advanced manufacturing techniques with 

delivery of biologics can control macrophage polarisation. In particular, 

the sustained release of IL-4 up to day 53 was able to promote M2-like 

macrophage polarisation in vitro, representing a novel model of long-

term immunomodulation using anti-inflammatory cytokine 

release(227).  

Small molecule immunomodulators such as dexamethasone and 

rapamycin can also be encapsulated in hydrogels for prolonged release. 

These drugs act on key immune signalling pathways, offering an 

effective strategy to modulate inflammation and promote tolerance. In a 

recent work, a thermo-responsive system, made of poloxamer 407 and 
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hyaluronic acid was developed. It enabled the sustained release of 

rapamycin that promoted the polarisation of synovial macrophages from 

the pro-inflammatory M1 to the anti-inflammatory M2 phenotype. This 

shift reduced levels of inflammatory cytokines, like TNF-α, IL-1β, and 

IL-6, and increased IL-10, leading to decreased joint inflammation and 

delayed cartilage degeneration(228). Another successful example of 

immunomodulation through the delivery of a small molecule is 

represented by a work on sustained release of dexamethasone. The study 

showed how the molecule promoted osteogenic differentiation while 

simultaneously suppressing pro-inflammatory M1 macrophage activity, 

highlighting the therapeutic potential of drug-releasing scaffolds to 

coordinate inflammation and osteogenesis for bone repair(75). 

Cell-based delivery systems represent a frontier in immunomodulation. 

Hydrogels can encapsulate living cells engineered to secrete 

immunoregulatory factors. The hydrogel matrix provides a protective 

environment for these cells, maintains their viability, and confines their 

action to the local tissue. For example, a study on MSCs encapsulated 

in alginate hydrogel showed an improved in vivo survival and in situ 

retention, that determined a higher expression of CD39+CD73+ in a 

collagen-induced arthritis model. Overall, this study highlighted the 

potential of hydrogel-based MSCs delivery in treating autoimmune 

diseases, like rheumatoid arthritis(229). 

 

In summary, hydrogels represent a powerful and versatile platform for 

potentially modulate and drive the immune response. Through 

manipulation of their physical properties as well as their chemical 

features, hydrogels can be finely tuned to direct immune cell behaviours. 

As the field evolves, a growing emphasis is placed on the integration of 

multiple immunomodulatory strategies within a single hydrogel 



Chapter 1 

35 
 

platform. By simultaneously tuning physical properties, surface 

chemistry, and bioactive molecule delivery, researchers can create 

multifunctional systems that control and drive immune responses. These 

advances are paving the way for innovative therapies across a range of 

clinical applications, from regenerative medicine and transplantation to 

cancer immunotherapy and the treatment of chronic inflammatory 

diseases. 

1.3 Knowledge Gap 

Despite extensive research into the role of mechanical properties in 

regulating macrophage responses, important knowledge gaps remain. 

Studies investigating stiffness-driven macrophage polarisation have 

produced contradictory findings, and most have relied on murine cells 

or immortalised cell lines, limiting their translational relevance to 

human biology. Moreover, the stiffness ranges examined often exceed 

those characteristics of native soft tissues. Furthermore, the contribution 

of viscoelasticity, an essential feature of living tissues and hydrogels, 

has only recently gained attention. However, most available studies lack 

systematic characterisation of biologically relevant relaxation 

timescales, or introduce concomitant changes in chemistry or stiffness, 

thereby confounding interpretation of the biological responses observed. 

1.4 Aim and Objectives 

In this context, the novelty of this work lies in systematically 

investigating the effects of physiologically relevant stiffness and 

viscoelasticity on primary human monocyte-derived macrophages, 

using ALMA and PAAm hydrogels as well-established platforms for 

mechanosensing studies. This project aims to advance the understanding 

on how physical and chemical properties of hydrogels can be engineered 

to modulate human monocyte differentiation and macrophage 
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polarisation to ultimately develop immunomodulatory biomaterials with 

reduced FBR. To build a deeper understanding of the roles of stiffness 

and viscoelasticity, the study focused on three main objectives: 

1. To develop and optimise a reproducible hydrogel platform with 

tuneable stiffness and chemical properties within the physiologically 

relevant range of soft tissues. 

2. To design a hydrogel platform with controlled stress relaxation while 

maintaining comparable chemistry and stiffness across 

formulations. 

3. To investigate how subtle variations in stiffness and distinct stress 

relaxation profiles influence monocyte differentiation and 

macrophage polarisation using a combination of morphological, 

molecular, and functional assays. 
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Chapter 2. Materials & Methods 

2.1 Materials 

Alginate Methacrylate (degree of methacrylation: low 10% - 20%, high 

20% - 40%), 2-Hydroxy-4′-(2hydroxyethoxy)-2-methylpropiophenone 

(Irgacure D-2959), 3-(Trimethoxysilyl)propyl methacrylate, toluene, 

acrylamide solution (40%), N,N′-Methylenebisacrylamide solution 

(2%), ammonium persulfate, N,N,N′,N′-Tetramethyl ethylenediamine, 

PBS, Tween20, RPMI-1640, foetal bovine serum (FBS), Penicillin-

Streptomycin, L-Glutamine, Glycine, Trypan blue solution, 

Macrophage Colony-Stimulating Factor (MCSF), Granulocyte-

Macrophage Colony-Stimulating Factor (GM-CSF), Interferon-γ (IFN-

γ), Human recombinant IL-4, and goat serum were purchased from 

Sigma Aldrich. Sulfuric Acid 1N, Anti-human calprotectin mouse 

immunoglobulin G1, TMB substrate kit, and LIVE/DEAD Viability Kit, 

Pierce™ Chromogenic Endotoxin Quant Kit were supplied by Thermo 

Scientific, UK. ToxiLight™ Non-Destructive Cytotoxicity BioAssay 

Kit and 100% lysis Control set were purchased from Lonza. Buffy coats 

were obtained from healthy donors (National Blood Service, Sheffield, 

UK) after obtaining informed written consent and following ethics 

committee approval (Research Ethics Committee, Faculty of Medicine 

and Health Sciences, University of Nottingham). Ficoll-Plaque 

PREMIUM sterile solution was purchased by cytiva. LS columns, Pre-

separation filters (30 mm), and CD14 MicroBeads UltraPure human 

were bought from Miltenyi Biotec. Anti-human CD206 (MR) rabbit 

IgG1 primary antibody was provided by Abcam. Phalloidin-iFluor 594 

was supplied by AAT Bioquest, Stratech. 4,6-diamidino-2-phenylindole 

(DAPI), UltraPure EDTA (0.5M, pH 8), AlexaFluor 488 goat anti-mouse 

IgG (H + L), and Texas Red-X goat anti-rabbit IgG (H + L) were 
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purchased from Invitrogen. DuoSet® ELISA kits (TNF-α, IL-6, IL-10, 

CCL18) were purchased from Biotechne®|R&D systems. 

2.2 Methods 

2.2.1 Coverslips Silanisation 

Coverslips were functionalised as previously described with some 

modifications(230). Plasma cleaning (O2 100%, 10 min) was performed 

on glass coverslips (d = 16 mm), which were subsequently silanised with 

3-(Trimethoxysilyl)propyl methacrylate (2% v/v) in dry toluene for 24h. 

The reaction was carried out under argon atmosphere. Coverslips were 

washed with fresh toluene (x2), acetone (x3), and dried under vacuum 

for 7 days prior to use. 

2.2.2 Preparation of ALMA Hydrogels 

To fabricate ALMA hydrogel, Irgacure D-2959 aqueous solution (0.5% 

w/v) was prepared and subsequently added to alginate methacrylate 

powder. ALMA solutions (2%, 4%, and 6% w/v) were stirred overnight 

and underwent photo-crosslinking with UV light (365 nm) for 10 

minutes. Samples that were used for the rheological characterisation 

were prepared as discs (2 mm, r = 1.06 cm). Samples that were used for 

cell culture were prepared as thin film on silanised coverslips by creating 

a “sandwich” system with glass slides.  

2.2.3 Preparation of PAAm Gels 

PAAm hydrogels were formulated in PBS from base solutions of 

acrylamide 40% w/v and bisacrylamide 2% w/v. After stirring them to 

achieve the desired concentration, solutions were degassed through 

sonication under vacuum for 15 minutes. Crosslinking was initiated by 
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a mixture of ammonium persulfate and tetramethylethylenediamine 

(0.01%; 3:1). The gels were allowed to crosslink under argon with 

oxygen concentration below 2000 ppm for 30 minutes. Samples that 

were used for the rheological characterisation were prepared as discs (2 

mm, r = 1.06 cm). Samples that were used for cell culture were prepared 

as thin film on silanised coverslips by creating a “sandwich” system with 

glass slides.  

2.2.4 Sterilisation of ALMA and PAAm Hydrogels 

UV-sterilisation (260 nm) was performed for 40 minutes and samples 

were then left in Penicillin-Streptomycin (10x) overnight. Samples were 

washed 5 times with sterile PBS and incubated with RPMI-1640 (FBS 

10% v/v, penicillin-streptomycin 1% v/v, L-Glutamine 1% v/v) for 24 

hours prior cell seeding. 

2.2.5 In Vitro Hydrogel Swelling 

Hydrogels were immersed in 15 mL PBS at 37 °C and weighed multiple 

times over a 6-day period. The swollen weight was expressed as a 

percentage increase from the initial hydrogel weight, recorded 

immediately after UV photo-crosslinking.    

Swelling % = [
Wt−W0

W0
] ∙ 100     Equation 1 

2.2.6 Detachment Test 

ALMA hydrogels were prepared in 48-well plate (h=2 mm) as described 

in paragraph 1. PBS (400 l) was added to each well and 

attachment/detachment of the hydrogels to the bottom of the well plate 

was visually assessed every 24 hours for 6 days. 
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2.2.7 Scanning Electron Microscopy 

Hydrogels were frozen overnight at −80 °C and subsequently freeze-

dried for 24h (ModulyoD). Each sample was mounted on an aluminium 

stub using conductive carbon adhesive tape and sputter-coated with gold 

under argon atmosphere for 40 seconds at a current of 30 mA. Samples 

were placed in a FEI XL30 SEM under high vacuum and the working 

distance was optimised for each sample. Hydrogels were imaged at 10 

kV(227). 

2.2.8 Environmental Scanning Electron Microscopy 

Hydrogels were prepared and left equilibrating in PBS for at least 24 h 

prior the analysis. Samples were placed in a FEI Quanta 650 ESEM and 

images were captured using an optimised working distance for each 

sample at 5-10 kV, while humidity was kept between 88.9 - 96.3%. 

2.2.9 Optical Profilometry 

Surface roughness of hydrated ALMA hydrogels was measured using an 

optical profilometer. Gels were equilibrated in PBS, blotted to remove 

excess liquid, and mounted on the stage. Scans were acquired in with a 

50× objective over a 340 × 261 µm² area, with 3 regions per sample to 

account for heterogeneity. Arithmetical mean height (Sa) and root mean 

square height (Sq) were extracted from topography maps using the 

instrument’s analysis software (Zeta 3D Analysis). 

2.2.10 Mechanical Characterisation 

Rheological measurements were performed with Anton-Paar rheometer, 

equipped with a 25 N load cell. Discs of ALMA and PAAm hydrogels 

were prepared ahead the measurements and incubated in PBS until they 
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reach the equilibrium swelling. Amplitude sweeps was carried out at a 

constant frequency of 1 Hz, between 1% and 1000% of shear strain. 

Frequency sweep was conducted within the linear viscoelastic (LVE) 

range, at a constant shear strain of 5% for ALMA and 3% for PAAm; 

storage and loss moduli were extrapolated at frequency 1 Hz. Stress 

relaxation was performed within the LVE range, at a constant shear 

strain of 5% for ALMA and 3% for PAAm; relaxation modulus was 

recorded for 1000 s and expressed as a percentage decrease from the 

initial relaxation modulus. 

2.2.11 Mesh Size Measurement 

Rubber elasticity theory was used to calculate mesh size of ALMA 

hydrogels. The crosslinking density ρx (mol·m−3) is determined from the 

storage modulus (G′, Pa), the universal gas constant (R, J·mol⁻¹·K⁻¹), 

and the absolute temperature (T, K), as shown in 

𝜌𝑥 =
𝐺′

𝑅𝑇
       Equation 2 

The mesh size 𝜉 (m) is then calculated from the crosslinking density 

(ρx) and Avogadro’s number NA, according to Equation 2(231). 

 

𝜉 =  √
6

𝜋𝜌𝑥𝑁𝐴

3
       Equation 3 

2.2.12 Surface modification of ALMA Hydrogel 

ALMA hydrogel was prepared as described in section 2.2.2. Surface 

modification was performed by adding EDC (0.05M) and NHS 

(0.025M) in MES Buffer (pH 4.7) on the hydrogel surface for 5min, 

15min, 1h, 2h. Protein solutions were prepared in PBS (1% w/v BSA, 

15 M IgG, 20 M GRGDSP) and added for 1h, 2h, 6h, 8h, 24h after 
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removing EDC-NHS solution. Surface-modified ALMA hydrogels were 

washed with distilled water to remove unreacted reagents. 

2.2.13 Time-of-Flight Secondary Ion Mass 

Spectrometry (ToF SIMS) 

Analysis was conducted by using a ToF-SIMS V instrument (IONTOF, 

GmbH). For surface analysis, a Bi3
+ beam energy of 25 keV and a pulsed 

target current of ∼0.3 pA were employed. A 500 μm × 500 μm region 

was analysed with pixel density 256 × 256. Low energy electron flood 

gun was used for charge compensation. 

2.2.14 X-Ray Photoelectron Spectroscopy (XPS) 

All samples were mounted onto stainless steel stubs using carbon sticky 

tabs. X-ray Photoelectron Spectroscopy (XPS) was conducted using a 

Kratos Axis Ultra DLD with a monochromatic Al X-ray source (1486.6 

eV, 15 kV, 10 mA). Wide and high-resolution scans were conducted in 

addition to the measurement C 1s for calibration: charge corrected to 

284.8 eV. Parameters for wide scan acquisition were as follows: 160 eV 

of pass energy, step size of 0.5 eV, and 1200s of scan time. Parameters 

for high resolution scan acquisition were as follows: 20 eV of pass 

energy, step size of 0.1 eV, and 1200s of scan time. Binding energies 

were measured over a range of 0–1300 eV. All spectra were analysed in 

CasaXPS constraining the Full Width at Half Maximum (FWHM) to the 

same value for all deconvoluted spectral peaks for the same element. 

2.2.15 Monocyte Isolation and Differentiation 

Buffy coats from healthy donors were obtained from the National Blood 

Service (Sheffield, UK) following ethics committee approval 

(2009/D055). Monocytes were isolated through positive selection 
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(CD14 magnetic beads), using MACS magnetic cell separation system. 

Isolated monocytes were prepared to a cell density of 1 x 106 cell/mL in 

RPMI-1640 medium (10% FBS, 1% L-glutamine, 1% streptomycin and 

penicillin, 10 ng/ml MCSF) and seeded on ALMA hydrogel. To ensure 

cells were only seeded on the hydrogels, non-cultured-treated plates 

were used, and media was changed after 24h to remove floating 

monocytes. Cells were incubated in a humidified incubator maintained 

at 37 °C and 5% CO2 for 6 days (37 °C, 5% CO2) until differentiation 

was completed; fresh media was added on day 3. Media was 

supplemented with MCSF (10 ng/ml) on day 1 and 3 to induce the 

differentiation into naïve macrophages. As a reference, monocytes were 

also cultured on tissue culture plastic at the same cell density and 

conditions(232).  For M1 polarisation, media was supplemented with 

GM-CSF (50 ng/mL) and IFN-γ (20 ng/mL) on day 0 and 3. For M2 

polarisation, media was supplemented with MCSF (50 ng/mL) and IL-4 

(20 ng/mL) on day 0 and 3. 

2.2.16 Live/Dead Viability Assay 

On Day 6, media was removed, and macrophages were incubated with 

PBS containing a mixture of green-fluorescent calcein-AM (1:2000) and 

red-fluorescent ethidium homodimer-1 (1:500) for 30 minutes at 37 °C 

and 5% CO2. Cells were imaged using an Olympus IX51 fluorescence 

microscope, with 10x objective. 

2.2.17 ToxiLight Assay 

20 μL of culture supernatant was collected and added to a white assay 

plate. 100 μL of adenylate kinase detection reagent was added and 

incubated at room temperature (RT) for 5 minutes. Luminescence was 

read using a plate reader (Promega GloMax® explorer). A negative (M0 
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macrophages cultured on TCP) and positive (M0 macrophages cultured 

on TCP and lysed after 6 days of culture using the Toxilight™ 100% 

lysis reagent) were included. 

2.2.18 AlamarBlue Assay  

AlamarBlue reagent was added directly to the culture medium at a final 

concentration of 10% (v/v), and plates were incubated at 37 °C in a 

humidified atmosphere with 5% CO₂, protected from light, for 3 hours. 

Fluorescence was measured at 560 nm excitation and 590 nm emission 

using a plate reader. Wells containing only PAAm gels in media and 

alamarBlue without cells were used as blanks, and macrophages seeded 

on tissue culture plastic (TCP) served as control. Fluorescence values 

were blank-subtracted and expressed as percentage of control. 

2.2.19 Endotoxin Quantification Assay 

ALMA 6% and PAAm 30% (19:1) hydrogels were incubated with PBS 

(1.5 ml) in humidified incubator maintained at 37°C and 5% CO2 for 6 

days (37 °C, 5% CO2) to simulate cell culture conditions. Endotoxin 

standard solutions (0.1-0.01 EU/ml) and samples (50 μL) were added to 

96-well plate and incubated with amoebocyte lysate solution (50 μL) for 

25 minutes at 37 °C. Chromogenic substrate solution (100 ml) was 

added and incubated for 6 minutes at 37 °C. Acetic acid 25% v/v (50 

μL) was added as stop solution and absorbance was read at 405 nm using 

a plate reader (Promega GloMax® explorer). The endotoxin 

concentration in each condition was calculated using a 4 point standard 

curve (Figure S1). 

2.2.20 Immunostaining of Macrophages 

Macrophages were fixed by incubation in paraformaldehyde 4% v/v (in 

PBS) for 15 min on day 1, day 3, and day 6. On Day 1 and 3, cells were 
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washed 3 times with 0.2% Tween-20 in PBS (0.2% v/v) followed by a 

blocking step with BSA (3% w/v) and glycine (1%) in PBS. Cells were 

washed 3 times with 0.2% Tween-20 in PBS and incubated with 

Phalloidin-iFluor 647 (1:1000) and DAPI (1:5000) in PBS (BSA 1% 

w/v) for 1 hour at RT. On day 6, cells were washed 3 times with 0.2% 

Tween-20 in PBS and two blocking steps were subsequently performed, 

firstly with BSA (3% w/v) and glycine (1%) in PBS, then with goat 

serum (5%) in PBS. Macrophages were washed 3 times with 0.2% 

Tween-20 in PBS and incubated with anti-human calprotectin mouse 

immunoglobulin G1 (IgG1) antibody (2 mg/ml) and anti-human CD206 

(MR) rabbit IgG1 primary antibody (1 mg/ml) overnight at 4 °C. Cells 

were washed 3 times with 0.2% Tween-20 in PBS and incubated with 

AlexaFluor-488 goat anti-mouse IgG (8 mg/ml) and Rhodamine Red 

goat anti-rabbit IgG secondary antibody (8 mg/ml) for 1 hour at RT. 

Cells were further incubated with Phalloidin-iFluor 594 (1:1000) and 

DAPI (1:5000) in PBS (BSA 1% w/v) for 1 hour at RT. Cells were 

washed 3 times with PBS and imaged using a Leica TCS SPE confocal 

microscope(233). Image analysis was performed using CellProfiler 

software (http://www.cellprofiler.org/) to quantify the cell number, the 

eccentricity, the cell area, and the fluorescent signal corresponding to 

calprotectin and mannose receptor markers. 

2.2.21 Enzyme-linked Immunosorbent Assay 

(ELISA) 

For TNF-α, IL-6, IL-10, and CCL18, 384-plates were coated with 25 μL 

capture antibody (TNF-α: 4 μg/ml, IL-6, IL-10, and CCL18: 2 μg/ml) 

overnight on a rocker at RT. ELISA plates were washed 3 times with 

PBS containing 0.05% tween-20 (100 μL) and blocked with 75 μL BSA 

1% w/v for 1 hour at RT. Supernatant was thawed and brought to RT. 
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Plates were washed 3 times with PBS containing 0.05% tween-20 (100 

μL) and incubated with 25 μL supernatant and standard solutions (TNF-

α: 1000-15.6 pg/ml, IL-6: 600-9.38 pg/ml, IL-10: 2000-31.2 pg/ml, and 

CCL18: 500-7.81 pg/ml) for 2 hours on a rocker at RT. Plates were 

washed 3 times with PBS containing 0.05% tween-20 (100 μL) and 

incubated with 25 μL detection antibody (TNF-α, IL-6, and IL-10: 50 

ng/ml, CCL18: 100 ng/mL) for 2 hours on a rocker at RT. Plates were 

washed 3 times with PBS containing 0.05% tween-20 (100 μL) and 

incubated with 25 μL streptavidin-HRP conjugate (40-fold diluted) for 

20 minutes while protected from light on a rocker at RT. Plates were 

washed 3 times with PBS containing 0.05% tween-20 (100 μL) and 

incubated with 25 μL TMB substrate for 20 minutes while protected 

from light on a rocker at RT. Sulfuric acid 1N (12.5 μL) was added as 

stop solution and absorbance was read at 450 nm and 570 nm using a 

plate reader (Promega GloMax® explorer). The cytokine concentration 

in each condition was calculated using a 7 point standard curve (Figure 

S2A-D). 

2.2.22 Statistical Analysis 

Hydrogel characterisation data is presented as mean ± standard 

deviation (SD) with each experimental condition tested in triplicate. 

Mechanical property and endotoxin data is presented as mean ± standard 

deviation of three experimental repeats (n = 3) per condition. Cell 

culture data is presented as mean ± standard error of mean (SEM) from 

three independent experiments (N = 3), each with three experimental 

repeats (n = 3) per condition. Statistical analysis was carried out in 

GraphPad PRISM 9.0. One-way ANOVA was performed to determine 

significant differences between experimental conditions (α = 0.05). 

Tukey’s post hoc test was performed for pair-wise comparisons. Pairs 

without significant differences were labelled as ns or not labelled. Pairs 
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with significant differences were labelled as  *p ≤ 0.05, **p < 0.01, ***p 

<0.001 and ****p < 0.0001.



Chapter 3 

48 

Chapter 3. Development of a Tuneable 

ALMA Hydrogel Platform to Mimic the 

Stiffness of Soft Tissues  

3.1 Abstract 

This chapter describes the systematic development, optimisation, and 

characterisation of alginate methacrylate (ALMA) hydrogels with 

tuneable stiffness and surface chemistry, aimed at investigating 

macrophage responses on substrates with mechanical properties 

mimicking a physiologically relevant range of soft tissue mechanics. 

ALMA hydrogels were prepared with varying polymer concentrations 

(2–6% w/v) and degrees of methacrylation (10–40%) to generate 

materials within a physiologically relevant stiffness rage to mimic soft 

tissues. Photoinitiator selection was optimised, with Irgacure-2959 at 

0.5% w/v yielding stable hydrogels. Rheological characterisation 

revealed that stiffness increased with polymer concentration and degree 

of methacrylation, whereas photoinitiator concentration had negligible 

effects, demonstrating that network density predominantly governs 

mechanical properties. Surface functionalisation with proteins and small 

peptides was achieved via EDC/NHS chemistry, with covalent coupling 

verified by ToF-SIMS and XPS. Sterility was ensured through UV 

irradiation (260 nm) combined with antibiotic treatment, and sample 

preparation suitable for cell culture was optimised until obtaining thin 

hydrogel films on silanised coverslips. Collectively, this first chapter 

establishes a reproducible and versatile ALMA hydrogel platform with 

finely controlled mechanical and chemical properties, providing a robust 

basis for future cell-biomaterial mechanotrasduction studies. 
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3.2 Introduction 

Hydrogels are widely used as biomimetic platforms because their 

intrinsic mechanical, chemical, and surface properties critically 

influence cellular behaviour, including adhesion, proliferation, 

differentiation, and immunological responses. Macrophages, as key 

immune cells, are particularly sensitive to changes in their 

microenvironment, making the design of biomaterials that modulate 

their polarisation and phenotype a rational strategy to minimise FBR and 

promote tissue integration.  

This chapter is based on the hypothesis that the mechanical and chemical 

properties of ALMA hydrogels can be precisely tuned. Specifically, 

increasing polymer concentration and degree of methacrylation as well 

as type and concentration of photoinitiators are expected to produce 

stiffer gels. Additionally, functionalising the hydrogel surface with the 

GRGDSP peptide is further hypothesised to promote integrin-mediated 

macrophage adhesion and polarisation toward a pro-regenerative 

phenotype, supporting tissue integration and reducing inflammatory 

responses. The objectives are to optimise ALMA hydrogel formulations 

by varying polymer concentration, degree of methacrylation, 

photoinitiator type and concentration, to characterise mechanical 

properties of different ALMA formulations, their swelling behaviour 

and network stability. Other objectives are to functionalise and 

characterise ALMA hydrogel surfaces before and after conjugation with 

GRGDSP peptide. 

This chapter presents the development, optimisation, and 

characterisation of ALMA hydrogels with tuneable mechanical 

properties and surface chemistry, establishing a physiologically relevant 

soft-tissue platform to investigate macrophage-biomaterial interactions. 
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ALMA hydrogels were systematically prepared with varying polymer 

concentrations (2-6% w/v) and degrees of methacrylation (10-40%) to 

cover a broad range of mechanical stiffness, more specifically from ~50 

Pa to ~4.5 kPa. Photoinitiator selection was optimised, comparing 

Irgacure-2959 and lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) across multiple concentrations. Irgacure-2959 at 0.5% w/v was 

identified as optimal, yielding stable hydrogels with controlled swelling 

and structural integrity, whereas LAP-based hydrogels exhibited 

excessive swelling and network collapse within the first 24 hours. 

Rheological analysis revealed that stiffness increased with polymer 

concentration and methacrylation degree, while photoinitiator 

concentration had negligible impact. 

Surface chemistry was tailored through functionalisation with the 

integrin-binding peptide GRGDSP. This short peptide was selected 

because it is widely used in the literature to functionalise polymers to 

promote cell attachment on substrates that do not naturally contain 

adhesion motifs(234). The RGD motif plays a pivotal role in cell 

adhesion, as it represents the minimal active sequence capable of 

binding to integrins, a superfamily of receptors through which cells 

mediate their attachment. Integrins are heterodimers composed of α and 

β subunits, with the binding site located at the N-terminus of the β 

subunit, which interacts directly with RGD peptides(235, 236). Peptides 

containing the RGD sequence are particularly useful because they retain 

functionality during biomaterial processing and sterilization, which 

often denatures full-length proteins. Moreover, synthetic peptides like 

GRGDSP lower the risk of immune reactions typical of proteins from 

xenograft sources, are easy to synthesise, and can be displayed on 

materials’ surface with a better control over density and 

orientation(237). Directing interactions between cells and biomaterials 

toward wound-healing responses is essential to minimise FBR and 
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promote tissue integration. Beyond promoting cell adhesion, this 

biomimetic peptide has also been shown to prevent cell apoptosis, aid 

tissue regeneration(238), and reduce the release of pro-inflammatory 

cytokines in macrophage cultures(239). Covalent conjugation was 

performed and optimised via EDC/NHS chemistry, and the success of 

the reaction was confirmed through ToF-SIMS and XPS analyses. 

ALMA hydrogel surfaces presenting varying densities of GRGDSP 

were achieved by testing different peptide solution with GRGDSP 

concentrations ranging from 0.01 μM to 200 μM. Sterility and long-term 

stability were ensured through UV irradiation (260 nm) combined with 

antibiotic treatment for 24 hours, and covalent attachment to silanised 

coverslips prevented hydrogel detachment and floating during cell 

culture. 

Overall, this chapter establishes a reproducible, versatile ALMA 

hydrogel platform with precisely controlled mechanical and chemical 

properties, providing a physiologically relevant system to investigate 

how stiffness and surface functionalisation influence human 

macrophage differentiation and polarisation in soft tissue-mimicking 

environments. 

3.3 Results 

Different variables were considered in preparing ALMA to achieve a 

variety of mechanical properties, including polymer concentration (2%, 

3%, 4%, 6% w/v), degree of methacrylation (low: 10–20%, high: 30–

40%), type of photoinitiator (Irgacure-2959 and lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP)), and photoinitiator concentration 

(0.1%, 0.5%, and 1% w/v). The weight increase of hydrogels was 

determined gravimetrically by recording the initial dry weight (W0) 

prior to immersion in PBS and the weight at each time point (Wt). 
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Initially, the two different photoinitiators, LAP and Irgacure-2959, were 

tested in the preparation of LDM ALMA 3% to identify the most 

suitable concentration. In vitro swelling (Figure 3.3.1A) demonstrated 

that Irgacure-2959 produced the most stable hydrogels, reaching the 

equilibrium swelling within 24 hours and remained intact for at least 6 

days, thereby meeting the requirements for subsequent in vitro studies 

with macrophages. In contrast, hydrogels made with LAP nearly 

doubled in weight within 2 hours (Figure 3.3.1B) due to excessive water 

uptake, leading to structural weakening and eventual transition into a 

liquid state after 24 hours only. This instability rendered LAP-based 

hydrogels unsuitable for further mechanical characterisation and cell 

culture. 

 

Figure 3.3.1 In vitro swelling of ALMA 3% prepared with Irgacure-

2959 or LAP at different concentrations. (A) Comparison of LAP and 

Irgacure-2959 across 6 days. (B) Zoomed-in view of LAP during the 

first 24 hours. Data is presented as mean of triplicates ± SD (n=3). 

On this basis, Irgacure-2959 was selected as the most suitable 

photoinitiator and subsequent studies with ALMA hydrogels of varying 

compositions were carried out to investigate how polymer and 
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photoinitiator concentrations as wells as ALMA degree of 

methacrylation influenced mechanical properties beyond swelling. 

Given that stiffness is a critical physical cue influencing macrophage 

differentiation and phenotype(198, 240, 241), rheological properties of 

ALMA hydrogels were evaluated. The limit of the linear viscoelastic 

(LVE) region was first determined through amplitude sweep performed 

at a constant frequency of 1 Hz, a timescale relevant to cellular traction 

forces(205). The LVE region corresponds to the shear strain (γ %) range 

within which the hydrogel exhibits predominantly elastic (or solid-like) 

behaviour, with minimal viscous contributions. Mechanical properties 

of ALMA hydrogels were characterised at the equilibrium swelling to 

mimic cell conditions and ensure biological relevance. LVE regions of 

LDM and HDM ALMA hydrogels at 2% and 3%, prepared with 

Irgacure-2959 at concentrations ranging from 0.1% to 1% w/v, were 

established through amplitude sweeps (Figure 3.3.2). All the 

compositions exhibited a solid-like behaviours at strains below 10%. 

 

Figure 3.3.2 Amplitude Sweeps of LDM and HDM ALMA 

Hydrogels at 2% and 3% w/v obtained with Irgacure-2959 at 
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different concentrations. Data is presented as mean of triplicates ± SD 

(n=3). 

For accurate determination of the storage (G′) and loss (G″) moduli, 

frequency sweep was performed within the LVE region, at a strain of 

3%. The storage modulus (G′) reflects the elastic energy stored by the 

material and is an indicator of stiffness, while the loss modulus (G″) 

represents the viscous dissipation of energy. Figures 3.3.3A shows 

frequency sweep data of ALMA hydrogels with two degrees of 

methacrylation (low and high), two polymer concentrations (2% and 

3%), and three concentrations of Irgacure-2959, to assess how these 

parameters influenced G′ and G″. 

Across all conditions, G′ (squares) consistently exceeded G″ (triangles), 

confirming that all hydrogel formulations behaved predominantly as 

elastic solids rather than viscous fluids, as expected within the LVE 

region. G′ values, directly correlated with stiffness, were extrapolated at 

1 Hz by linear regression and are summarised in Figure 3.3.3B. When 

comparing formulations with the same degree of methacrylation and 

polymer concentration but varying photoinitiator concentration, no 

significant changes in G′ were observed. In contrast, increasing ALMA 

concentration led to a clear rise in G′ in both LDM and HDM hydrogels, 

consistent with the formation of a denser polymer network. 

These findings demonstrate that hydrogel stiffness is governed primarily 

by ALMA concentration and degree of methacrylation, while 

photoinitiator concentration does not exert a significant influence. This 
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highlights the tunability of ALMA hydrogels, allowing precise 

modulation of mechanical properties for targeted applications. 

 

Figure 3.3.3 Rheological characterisation of ALMA Hydrogels. (A) 

Frequency sweeps and (B) extrapolate storage moduli (G’) of ALMA 

2% and 3% with varying concentration of Irgacure-2959. Frequency 

sweep was performed within LVE region (1% strain) and G’ were 

extrapolated at 1 Hz. Data is presented as mean of triplicates ± SD (n=3). 
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Based on these initial results, the concentration of Irgacure-2959 was set 

at 0.5% w/v, as this represented the best compromise between sample 

preparation time and maximising the mechanical properties of the 

hydrogels. To further expand the achievable stiffness range, 

formulations with increasing ALMA concentrations were investigated, 

up to 6% w/v. Higher concentrations could not be tested due to solubility 

limitations of the polymer. Amplitude sweeps (Figure 3.3.4A and 

Figure 3.3.4B) were carried out to define the linear viscoelastic (LVE) 

region. All compositions showed to have a solid-like behaviour up to 

shear strain ~10%. To determine storage moduli of these compositions, 
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frequency sweeps (Figure 3.3.4C-D) was performed at 3% strain, value 

that falls within LVE of all the compositions characterised. 

 

Figure 3.3.4 Mechanical characterisation of ALMA hydrogels. (A, 

B) Amplitude sweeps and (C, D) frequency sweeps of LDM and HDM 

ALMA hydrogels with concentrations ranging from 2% to 6% w/v. 

Frequency sweeps was performed at 3% strain. Data is presented as 

mean of triplicates ± SD (n=3). 

G’ values were extrapolated from the frequency sweeps at the 

biologically relevant value of at 1 Hz. Statistical analysis was performed 

to assess how variations in ALMA concentration and degree of 

methacrylation influenced the storage modulus, and thus the stiffness of 



Chapter 3 

58 

the different hydrogel compositions. No significant differences in G’ 

were observed between 2% and 4% ALMA hydrogels, irrespective of 

the degree of methacrylation. Similarly, hydrogels with the same ALMA 

concentration but different degree of methacrylation did not differ 

significantly in stiffness at concentrations below 6% w/v. These results 

were encouraging for the subsequent viscoelasticity studies that will be 

discussed in Chapter 5. In contrast, HDM ALMA 6% hydrogels 

exhibited a markedly higher G’ modulus (4426.6 Pa) compared to all 

other formulations, including LDM ALMA 6%, characterised by a lower 

degree of methacrylation (Figure 3.3.5). 

 

Figure 3.3.5 Storage Moduli of LDM and HDM ALMA Hydrogels. 

Data is presented as mean of triplicates ± SD (n=3). 

Chemistry is another factor known to influence cell behaviour(220, 224, 

242). ALMA hydrogels, owing to the presence of hydroxylic and 

carboxylic groups, offer the advantage of easy chemical modification, 

enabling functionalisation with a wide range of molecules, including 

immunomodulatory moieties and biomolecules. To establish a reliable 

method for surface modification of ALMA hydrogels, bovine serum 

albumin (BSA), a commonly used model protein, was employed to 

demonstrate the effectiveness of the conjugation strategy. The 
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modification, as shown in the schematic in Figure 3.3.6, followed a two-

step procedure: (i) activation of carboxylic groups to NHS-esters in 

acidic conditions (MES buffer, 5 minutes), followed by (ii) protein 

conjugation in basic conditions (PBS buffer, 24 hours). This approach 

was adapted from established protocols employing EDC-NHS and 

EDC-Sulfo-NHS chemistry(243-245). 

 

Figure 3.3.6 Reaction scheme for the surface modification of ALMA 

hydrogels. 

To determine whether BSA was covalently bound rather than merely 

adsorbed, X-ray Photoelectron Spectroscopy (XPS) analysis was 

performed. ALMA hydrogels incubated with BSA in the absence of 

carboxylic activation (PA), as well as unmodified ALMA hydrogels 

(ALMA), were included as controls (Figure 3.3.7A). Quantification of 

N 1s peaks (Figure 3.3.7B), which originate exclusively from BSA since 

ALMA lacks nitrogen, did not reveal a statistically significant increase 

in nitrogen content for covalently modified samples compared to the 

ALMA with physically adsorbed BSA, although the average nitrogen 

signal appeared to be higher. 
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Figure 3.3.7 Surface analysis of modified and unmodified ALMA 

hydrogels (A) XPS wide-scan spectra and (B) enlarged N 1s peaks 

extracted from the wide-scan spectra, used to evaluate protein content 

on modified (CB) ALMA hydrogels. ALMA with adsorbed BSA (PA) 

and unmodified ALMA (ALMA) were used as controls. (C) 

Quantification of the integrated N 1s peak areas. Data is presented as 

mean of triplicates ± SD (n=3). 
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To investigate whether the conjugation was actually unsuccessful, Time-

of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), a highly 

sensitive surface analytical technique, was also performed. Figure 

3.3.8A presents ToF-SIMS spectra, which provide the chemical 

fingerprint of detected fragments, confirming the presence of BSA-

specific signals compared to the controls. Corresponding ToF-SIMS 

images of the samples’ surface analysed are shown in Figure 3.3.8B-D, 

showing clear differences across the surfaces of different ALMA 

hydrogels. 

 

Figure 3.3.8 Surface analysis of modified and unmodified ALMA 

hydrogels by using ToF-SIMS. (A) Representative spectra of 

covalently BSA-modified ALMA hydrogels (CB), ALMA hydrogels 

with physically adsorbed BSA (PA), and unmodified ALMA hydrogels. 

Total ion images of (B) covalently BSA-modified ALMA, (C) ALMA 

with physically adsorbed BSA, and (D) unmodified ALMA hydrogels. 
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As shown in Figure 3.3.9A–D, both the peaks of representative BSA 

fragment ions and the corresponding surface images, which provide 

spatial and qualitative information on their localisation and relative 

abundances, revealed clear differences between ALMA hydrogels 

subjected to carboxylic activation followed by BSA conjugation and the 

control samples. These results further confirm the successful covalent 

attachment of BSA to ALMA surface, as evidenced by significantly 

higher peaks attributable exclusively to BSA-derived fragments, since 

ALMA does not inherently contain nitrogen atoms. 

 

Figure 3.3.9 Enlarged peaks from the ToF-SIMS spectra used to 

assess BSA conjugation. (A) C2H6N+, (B) C5H12N+, (C) C4H8N+, 
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and (D) C5H8N3+ spectra and images of BSA-modified ALMA 

hydrogels (CB), ALMA hydrogels with physically adsorbed BSA (PA), 

and unmodified ALMA hydrogels. 

Both ToF-SIMS and XPS demonstrated that the amount of BSA present 

on ALMA hydrogels subjected to carboxylic activation was greater than 

on samples where BSA was only adsorbed. This indicates that the 

protein was covalently conjugated to the hydrogel surface. Nevertheless, 

quantitative analysis of the XPS data did not reveal a statistically 

significant difference in the percentage of N 1s between hydrogels with 

chemically bound BSA (CB) and those with physically adsorbed BSA 

(PA), which may be attributed to suboptimal reaction conditions. 

To achieve higher protein conjugation, the chemical reaction underwent 

an optimisation process in which key parameters were taken into 

consideration. Specifically, the activation time of carboxylic acids to 

NHS-esters and the conjugation time of the protein were optimised, and 

different reaction times were explored. ALMA hydrogels were subjected 

to surface modification using activation times ranging from 5 minutes 

to 2 hours, followed by 24 hours of BSA conjugation. XPS was 

performed to determine whether the amount of conjugated BSA was 

affected by this parameter (Figure 3.3.10A,B). An activation time of 15 

minutes proved to be optimal, as it resulted in a significantly greater 

amount of conjugated BSA compared to activation for 5 or 60 minutes 

(Figure 3.3.10C). Moreover, the 15-minute activation condition showed 

the most pronounced difference in N 1s content relative to hydrogels 

with physically adsorbed BSA. 

The superior performance observed with 15 minutes of activation can 

be attributed to the balance between efficient NHS-ester formation and 

the stability of these reactive intermediates. At shorter activation times 

(e.g. 5 minutes), the conversion of carboxylic groups to NHS-esters is 
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likely incomplete, leading to fewer available reactive sites for protein 

attachment. In contrast, at prolonged activation times (e.g. 60 minutes 

or longer), hydrolysis of NHS-esters becomes more prominent, 

decreasing their reactivity and thereby limiting effective protein 

coupling. Thus, the 15-minute activation period provided the optimal 

compromise, ensuring sufficient generation of reactive sites while 

minimising their premature hydrolysis, which ultimately translated into 
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the highest degree of BSA conjugation as reflected by the XPS N 1s 

signal. 

 

Figure 3.3.10 Surface analysis of ALMA hydrogels for carboxylic 

activation optimisation (A) XPS wide-scan spectra and (B) enlarged N 

1s peaks extracted from the wide-scan spectra, used to evaluate protein 

content of chemically modified ALMA hydrogels after different 

carboxylic activation times, ranging from 5 minutes to 1 hour (ALMA). 

(C) Quantitative analysis of N 1s % on ALMA hydrogel surface 
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performed on XPS wide scan spectra. Data is presented as mean of 

triplicates ± SD (n=3). 

As for the activation of the carboxylic groups, the optimal protein 

conjugation time was investigated by considering reaction times ranging 

from 1 to 24 hours. As shown in Figure 3.3.11A and B, N 1s peaks 

increased with longer conjugation times. Specifically, BSA conjugation 

rose from approximately 5% to 7% when the conjugation time was 

extended from 2 to 6 hours and reached about 12% after 24 hours 

(Figure 3.3.11C), representing the optimal time to achieve the highest 

protein conjugation. This finding suggests that shorter conjugation times 

are insufficient for complete reaction of the available NHS-esters, 
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whereas extending the process to 24 hours allows for more efficient 

utilisation of reactive sites, thereby maximising protein immobilisation. 

 

Figure 3.3.11 Surface analysis of ALMA hydrogels for carboxylic 

activation optimisation (A) XPS wide-scan spectra and (B) enlarged N 

1s peaks extracted from the wide-scan spectra, used to evaluate protein 

content of chemically modified ALMA hydrogels after different 

conjugation times, ranging from 2 to 24  hours. (C) Quantitative analysis 
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of N 1s % on ALMA hydrogel surface performed on XPS wide scan 

spectra. Data is presented as mean of triplicates ± SD (n=3). 

Overall, this optimisation process demonstrated that the optimal 

conditions for protein immobilisation involved a carboxylic activation 

time of 15 minutes and a conjugation time of 24 hours, as a significant 

increase in the N 1s percentage was observed when the conjugation 

period was extended from 2 to 24 hours, whereas no significant 

difference was detected between 2 and 6 hours. 

Modified and unmodified ALMA hydrogels were qualitatively 

characterised for their topography and porosity using Scanning Electron 

Microscopy (SEM), by imaging both their surface and cross-sectional 

morphology. Samples with chemically bound (CB) and physically 

adsorbed (PA) BSA exhibited relatively homogeneous surfaces with 

evenly distributed ripples, whereas unmodified ALMA hydrogels 

displayed a more porous and irregular surface morphology (Figure 

3.3.12). The cross-sections of all samples appeared highly porous, which 

is consistent with the removal of water from the three-dimensional 

network during the freeze-drying process. 

The differences observed in surface morphology may be attributed to 

the presence of BSA at the hydrogel interface. In CB and PA samples, 

protein coverage could have smoothed out the underlying surface 

irregularities of the ALMA network, giving rise to a more homogeneous 

topography with evenly distributed ripples. In contrast, the unmodified 

ALMA hydrogels lacked this protein layer, and their surface appeared 
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more porous and irregular, reflecting the intrinsic microstructure of the 

polymeric network(246, 247). 

 

Figure 3.3.12 SEM analysis of ALMA hydrogels. Surface and cross-

sectional images of covalently BSA-modified (CB), physically 

adsorbed-BSA (PA), and unmodified ALMA hydrogels. 

To demonstrate the versatility of the ALMA hydrogel platform, surface 

modification was extended to immunoglobulin G (IgG, ~150 kDa) and 

GRGDSP (0.659 kDa), respectively a protein significantly larger and a 

peptide significantly shorter than BSA (~66.5 kDa). This experiment 

aimed to verify that molecules of different molecular sizes could be 

efficiently conjugated to the hydrogel surface, highlighting the 

adaptability of the conjugation strategy. Demonstrating this versatility 

was important, as it establishes the potential of ALMA hydrogel 

platform to present a wide range of bioactive cues - from small peptides 

to larger proteins - that can be tailored to modulate macrophage 

adhesion, differentiation, and polarisation in a controlled manner, 

providing value both within this thesis and for future applications. 

Successful immobilisation of both GRGDSP and IgG would confirm 

that ALMA hydrogels can serve as a flexible platform for 

functionalisation with a wide range of proteins, making them suitable 

for diverse biomedical applications. 
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IgG from bovine serum was used as a model antibody and optimal 

activation and conjugation times were applied to carry out the 

modification. XPS was performed to quantify N 1s % on the hydrogel 

surface (Figure 3.3.13A and B), which proved to be significantly higher 

in samples that underwent the carboxylic activation and IgG conjugation 

(CB) compared to hydrogels wherein IgG was only physically absorbed 

(PA) (Figure 3.3.13C). 

 

Figure 3.3.13 Surface analysis of ALMA hydrogels (A) XPS wide-

scan spectra and (B) enlarged N 1s peaks extracted from the wide-scan 
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spectra, used to evaluate protein content of chemically modified ALMA 

hydrogels with IgG from bovine serum. (C) Quantitative analysis of N 

1s % on ALMA hydrogel surface performed on XPS wide scan spectra. 

Data is presented as mean of triplicates ± SD (n=3). 

Given the multifunctional properties of GRGDSP, a range of GRGDSP 

solutions (0.01–200 μM) were tested to optimise the conjugation step 

and achieve different densities of this peptide on ALMA surface. The 

density and spatial distribution of RGD motifs are critical for effective 

integrin binding. Efficient cell adhesion depends not only on the 

presence but also on the availability, surface display, spacing, and 

clustering of pro-attachment motifs. High peptide densities may enhance 

adhesion but can also lead to steric hindrance or improper orientation, 

whereas low densities may reduce binding efficiency. Surface chemistry, 

hydrogel stiffness, and topography can further modulate how GRGDSP 

interacts with cells, influencing adhesion strength, focal adhesion 

formation, and downstream signalling pathways. XPS analysis, with N 

1s peaks serving as indicators of peptide conjugation on the ALMA 

surface (Figure 3.3.14A and B) showed maximal peptide 

immobilisation when using a concentration of 20 μM (Figure 3.3.14C). 

Increasing the concentration beyond this point did not enhance 

conjugation, likely due to saturation of available carboxylic groups at 20 

μM, or steric hindrance, whereby excess peptide may adopt 

conformations that restrict access to reactive sites. Based on these 

findings, all subsequent GRGDSP-functionalised ALMA hydrogels 

were prepared using 20 μM peptide solution.  
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Figure 3.3.14 Surface analysis of GRGDSP-modified ALMA 

hydrogels. (A) XPS wide-scan spectra and (B) enlarged N 1s peaks 

extracted from the wide-scan spectra, used to evaluate GRGDSP 

conjugation to ALMA hydrogel surfaces using solutions at different 

concentrations. (C) Quantitative analysis of N 1s % on ALMA hydrogel 

surface performed on XPS wide scan spectra. Data is presented as mean 

of triplicates ± SD (n=3). 

To analyse the non-specific protein adsorption coming from the 

environment, we performed XPS on GRGDSP-modified and 
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unmodified samples before and after incubation with complete media 

containing 10% (v/v) foetal bovine serum (FBS). All synthetic RGD-

containing peptides have been shown to exhibit lower potency compared 

to the natural protein fibronectin(248), therefore, it is important that 

GRGDSP-modified ALMA hydrogels possess a reduced capacity for 

non-specific protein adsorption. Fibronectin, a ubiquitous glycoprotein 

highly involved in fibrosis(249), binds to integrins and can compete with 

synthetic peptides for cell attachment. Consequently, GRGDSP must be 

present at sufficient density on the hydrogel surface to outcompete 

fibronectin and exert its intended biological effect. 

N 1s % attributed solely to GRGDSP (Figure 3.3.15A) and to GRGDSP 

with adsorbed proteins (Figure 3.3.15B) were determined for each 

condition. The contribution of GRGDSP alone was subtracted from the 

total N 1s signals to calculate the amount of proteins adsorbed onto the 

different hydrogel surfaces (Figure 3.3.15C). GRGDSP-modified 

hydrogels (CB) demonstrated significantly lower protein adsorption 

compared to the controls. 

The reduced protein adsorption observed on CB_GRGDSP hydrogels 

can be attributed to the presence of a dense, covalently immobilised 

layer of GRGDSP on the hydrogel surface. This peptide layer likely 

occupies available reactive sites and sterically hinders non-specific 

binding of serum proteins, effectively limiting adsorption. In contrast, 

hydrogels with physically adsorbed GRGDSP (PA) or unmodified 

ALMA lack a stable, covalently attached peptide layer, allowing more 

serum proteins to interact with and adhere to the surface. Another 

possible explanation for reduced protein adsorption on the GRGDSP-

modified ALMA lies in the zwitterionic nature of this small peptide. The 

presence of GRGDSP may attract water molecules through hydrogen 

bonding and ionic solvation, thereby strengthening the hydration layer 
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and further reducing non-specific protein adsorption(175, 250, 251). 

Additionally, the presence of a hydration layer can increase the energy 

barrier for protein adsorption, making it more difficult for proteins to 

displace water molecules and adhere to the surface. This mechanism is 

particularly effective in preventing biofouling, as it hinders the initial 

adhesion of proteins that could lead to subsequent cell attachment and 

biofilm formation(252, 253). 

 

Figure 3.3.15 Quantitative analysis of N 1s content on ALMA 

hydrogels. N 1s % of chemically bound (CB) and physically adsorbed 

(PA) GRGDSP, as well as unmodified ALMA hydrogels, incubated (A) 

or not incubated (B) for 24 hours in complete media containing 10% 

(v/v) FBS. (C) N 1s % attributed solely to proteins adsorbed on the 

hydrogel surfaces. Data is presented as mean of triplicates ± SD (n=3). 

It was also possible to establish the thickness of the protein layer on 

different ALMA hydrogels by using Equation 4 from Ray S. et al(254). 

𝑑𝑁 (1𝑠) = −𝐿𝑁(1𝑠)𝑐𝑜𝑠𝜃𝑙𝑛 (1 −
[𝑁]−[𝑁]0

[𝑁]0−[𝑁]∞
)   Equation 4 

Where L = electron attenuation length (3.02 nm), cos() = 1, [N] = 

measured nitrogen fraction on surfaces of samples that were incubated 

in complete media, [N] = atomic fraction of nitrogen in the pure protein 

(15%), [N]0 = measured nitrogen fraction on surfaces of samples that 

were not incubated in complete media. 
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As shown in Figure 3.3.16, the thickness of adsorbed protein on 

GRGDSP-modified hydrogels (CB) was reduced by approximately 3-

fold compared to both unmodified ALMA hydrogels (ALMA) and 

hydrogels with physically adsorbed GRGDSP (PA), further confirming 

that covalent surface modification significantly decreases non-specific 

protein adsorption. 

 

Figure 3.3.16 Thickness of the protein layer adsorbed on ALMA 

hydrogels. Protein thickness on CB, PA, and unmodified ALMA 

hydrogels after 24 hours of incubation in complete media containing 

FBS 10% (v/v). N 1s percentages were used to calculate protein layer 

thickness according to Equation 4. Data is presented as mean of 

triplicates ± SD (n=3). 

To conduct cell culture studies, it was important to assess whether 

ALMA hydrogels did not detach from the bottom of the well plate within 

6 days, which corresponded to the period cell were cultured. 

ALMA hydrogels were prepared at different concentrations and degree 

of methacrylation, and their attachment was assessed every 24 hours for 

6 days. Despite the composition, ALMA hydrogels started detaching 

from day 4, as show in Figure 3.3.17 
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Figure 3.3.17 Representative images of ALMA hydrogels before and 

after media incubation. Photographs of ALMA hydrogels (A) before 

and (B) after 4 days of incubation in complete media in a 96-well plate, 

illustrating hydrogel detachment and stability over time. 

To overcome this limitation, coverslips were functionalised by 

silanisation with 3-(Trimethoxysilyl)propyl methacrylate(230). The 

methacrylic moieties introduced on the glass surface enabled covalent 

conjugation of the hydrogel. Upon exposure to UV light, a radical 

polymerisation reaction was initiated, leading to the formation of the 

three-dimensional hydrogel network and covalent bonds between the 

methacrylic groups of the hydrogel and those on the coverslip, as shown 

in the schematic represented in Figure 3.3.18. 

 

Figure 3.3.18 Coverslip silanisation and ALMA hydrogel formation. 

Schematic illustration of coverslip functionalisation with 3-
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(Trimethoxysilyl)propyl methacrylate and subsequent covalent 

conjugation of ALMA hydrogel through photo-polymerisation. 

An additional consideration was the need to sterilise ALMA hydrogels. 

Because neither ALMA nor Irgacure-2959 were supplied in sterile form, 

several preparation methods were taken into consideration to reliably 

generate sterile hydrogels. Filtration of the ALMA–Irgacure-2959 

solution was initially investigated. To evaluate this approach, LDM 

ALMA 2% w/v solutions were filtered, and hydrogels were 

subsequently prepared in 96-well plates (Figure 3.3.19A) and incubated 

in PBS for 6 days. As shown in Figure 3.3.19B, the hydrogels dissolved 

over the observed period, suggesting that filtration reduced ALMA 

concentration and compromised the formation of a stable and 

reproducible 3D network. 

 

Figure 3.3.19 Photographs of hydrogels prepared from filtered 

ALMA–Irgacure solutions (A) before and (B) after PBS incubation, 

demonstrating the negative  outcome of this sterilisation method. 
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Since direct production of sterile ALMA hydrogels was not feasible, an 

alternative sterilisation method was developed. Hydrogels were first 

prepared and then exposed to UV light (260 nm) for 40 minutes. 

Following UV treatment, the hydrogels were incubated with a 10% 

solution of penicillin and streptomycin for 24 hours. After this 

incubation, the hydrogels were washed five times with PBS to 

completely remove residual antibiotics, preventing any potential effects 

on subsequent cell responses. This combined sterilisation strategy was 

chosen to ensure hydrogel sterility while preserving the structural and 

mechanical integrity of the hydrogel network. UV irradiation effectively 

inactivates microorganisms on the hydrogel surface without introducing 

chemical residues, while the subsequent incubation with antibiotics 

ensures elimination of any remaining contaminating bacteria. 

3.4 Discussion 

The performance of hydrogels as substrate to study the cell-material 

interactions critically depends on their structural integrity, mechanical 

properties, and surface functionality. To address these factors, a 

systematic evaluation of ALMA hydrogels was undertaken, beginning 

with the choice of photoinitiator. LAP proved to be an unsuitable 

photoinitiator as the hydrogels exhibited excessive swelling and poor 

structural stability, ultimately transitioning to a liquid state within 24 

hours. In contrast, Irgacure-2959 yielded stable hydrogels across all 

tested concentrations (0.1%–1% w/v), which reached equilibrium 

swelling within 24 hours and maintained stability for at least 6 days. 

Accordingly, Irgacure-2959 was selected as the optimal photoinitiator. 

Rheological characterisation then revealed how composition influenced 

hydrogel mechanics. Amplitude and frequency sweeps demonstrate that 

the storage modulus (G′) - a direct indicator of hydrogel stiffness - 
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increased with polymer concentration but remained unaffected by 

changes in the photoinitiator concentration. These results confirmed that 

stiffness is governed primarily by polymer concentration. A pronounced 

increase in G′ was observed at 6% w/v ALMA in HDM hydrogels 

compared to the other formulations, indicating the formation of a denser 

and more robust network. Interestingly, below this threshold, the degree 

of methacrylation, namely the crosslinking density, did not markedly 

influence stiffness, when comparing hydrogels of equal ALMA 

concentration, providing flexibility for future studies investigating the 

effect of viscoelasticity on human macrophages. 

The versatility of ALMA hydrogels was further demonstrated through 

successful surface functionalisation. BSA was initially used as a model 

protein to validate the conjugation chemistry, due to its low cost and 

high availability. Carboxylic groups on the hydrogel surface were 

activated with EDC/NHS, enabling covalent binding of BSA. 

Optimisation identified an activation time of 15 minutes and a 

conjugation time of 24 hours as optimal, as confirmed by XPS analysis. 

The same strategy was successfully extended to bovine serum IgG, as a 

model antibody, and to GRGDSP, a short peptide, thereby 

demonstrating its applicability across molecules of widely different 

molecular weights. 

GRGDSP, a biomimetic peptide known to promote cell adhesion and 

modulate immune responses, was efficiently immobilised under the 

optimised conjugation conditions, with maximal attachment achieved at 

20 μM peptide solution. This concentration was identified as optimal, 

likely due to limitations in available reactive groups and steric hindrance 

at higher peptide concentrations. Importantly, GRGDSP-modified 

hydrogels exhibited an anti-fouling behaviour, with significantly 

reduced non-specific protein adsorption compared to unmodified 
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ALMA hydrogels. This feature is critical for immunomodulatory 

biomaterials, as it is more likely that cell–substrate interactions are 

driven primarily by the intended biofunctionalisation rather than random 

protein deposition. 

To enable long-term cell culture, ALMA hydrogels were covalently 

anchored to silanised coverslips bearing methacrylic groups, preventing 

detachment and floating while culturing cells. This strategy ensured 

mechanical stability and minimised disturbance of the system. 

Sterilisation challenges were also addressed: conventional filtration 

compromised reproducibility of the hydrogel composition and was 

therefore replaced with a two-step procedure involving UV irradiation 

followed by antibiotic incubation. This approach preserved hydrogel 

properties while ensuring sterility and reproducibility of the mechanical 

properties, a prerequisite for downstream biological studies. 

3.5 Conclusion 

This chapter demonstrated that ALMA hydrogels with finely tuneable 

mechanical and chemical properties can be reliably fabricated for 

mechanotrasduction studies with macrophages. Hydrogels with 

different stiffnesses, ranging from ~50 Pa to ~4.5 kPa, were obtained by 

adjusting polymer concentration and degree of methacrylation, while 

photoinitiator type and concentration were optimised to achieve 

consistent crosslinking and mechanical reproducibility. Surface 

functionalisation of ALMA hydrogels with different proteins and 

peptides, including BSA, bovine IgG, and GRGDSP, was successfully 

achieved and optimised. GRGDSP-modified hydrogels were prepared 

using solutions at concentrations ranging from 0.01 μM to 200 μM, 

creating a well-defined platform to investigate how differences in ligand 

densities affect macrophage adhesion and polarisation. This chapter 
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establishes a robust and reproducible platform for fabricating ALMA 

hydrogels with precisely controlled mechanical properties and surface 

chemistry, enabling the production of stable, cell-compatible hydrogels. 

Collectively, these findings lay the foundation for Chapter 4, where the 

effects of surface chemistry and stiffness on monocyte-derived 

macrophages will be investigated.
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Chapter 4. Soft Tissue-Mimicking 

Hydrogel Stiffness Modulates 

Polarisation of Human Monocyte-

derived Macrophages 

4.1 Abstract 

Minimising the foreign body response (FBR) to implants remains an 

unmet clinical challenge. The mechanical properties of biomaterials, 

particularly stiffness, have been shown to influence macrophage 

activation and FBR. However, current literature on the effects of 

material stiffness on macrophage activation presents conflicting results. 

These inconsistencies may stem from the use of cell lines or murine 

primary cells, which do not fully represent the behaviour of primary 

human monocyte-derived macrophages.  Additionally, many previous 

studies have focused on stiffness values that fall outside the 

physiological range of soft tissues. In this study, we investigated how 

variations in stiffness affect the activation status of human monocyte-

derived macrophages using alginate methacrylate (ALMA) hydrogels. 

The hydrogel stiffness was tuned within a physiologically relevant range 

(0.25 – 4.5 kPa) to mimic the mechanical properties of soft tissues. We 

found that increasing hydrogel stiffness consistently upregulated pro-

inflammatory markers. Specifically, the stiffest hydrogel (ALMA 6% 

w/v) induced higher secretion of TNF-α and increased the calprotectin-

to-mannose surface maker ratio, both hallmarks of inflammatory 

macrophages. Moreover, macrophages cultured on stiffer hydrogels 

exhibited a more elongated morphology and greater spreading. These 

findings provide new insight into how small changes in stiffness, within 
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a soft tissue-relevant range, can modulate the inflammatory behaviour 

of human macrophages. Our results, together with findings from the 

literature, suggest that the contradictory data on the effects of stiffness 

on macrophages may be attributed to other factors, such as 

viscoelasticity, surface chemistry, and protein absorption, which warrant 

further investigation. 

 

Figure 4.1.1 Schematic showing the effect of hydrogel stiffness on 

macrophage morphology and phenotype. 

4.2 Introduction 

Both chemical and mechanical properties of biomaterials contribute to 

directing macrophage polarisation(196, 255). Importantly, cells do not 

interact directly with the material itself, but more specifically with 

binding motifs present at the material surface, which may arise from the 

material’s intrinsic composition or from adsorbed proteins derived from 

serum or culture medium(224, 256-260). Through integrin-based 

adhesion complexes, which couple the extracellular environment to the 

cytoskeleton(225), variations in chemistry and protein adsorption can 

alter adhesion strength and activate distinct mechanotrasduction 
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pathways. These processes ultimately affect gene expression and 

macrophage function, as shown in previous studies(256, 257, 259). 

Beyond chemistry, stiffness is another key feature that has demonstrated 

to deeply affect cellular activities. In the context of macrophages, 

several studies have reported that stiffer substrates promote M1 

polarisation. For example, in a study using RAW 264.7 cells, a mouse 

macrophage cell line, M1 polarisation was significantly reduced on the 

polyethylene glycol (PEG) hydrogel with a lower modulus (130 kPa), 

compared to stiffer hydrogels (240 kPa and 840 kPa). Additionally, 

when these gels were tested in vivo, the softest hydrogel resulted in the 

thinnest layer of macrophages at the implant site(197). Similarly, a study 

using polyacrylamide hydrogels showed that the stiff gel (323 kPa) 

drove THP-1-derived macrophages towards a pro-inflammatory 

phenotype with impaired phagocytosis, while soft (11 kPa) and medium 

(88 kPa) gels induced an anti-inflammatory and highly phagocytic 

phenotype(198). In another work, methacrylate gelatine (GelMA) 

hydrogels with different stiffnesses (2, 10 and 29 kPa) were tested using 

primary mouse bone marrow-derived macrophages. The stiffer hydrogel 

induced a pro-inflammatory phenotype, increased cell spreading and 

promoted a more severe in vivo inflammatory response(199). In 

contrast, the softer GelMA supported greater cell infiltration but resulted 

in thinner fibrotic capsule formation. Furthermore, another study 

examined the response of primary mouse bone marrow-derived 

macrophages on soft (0.3 kPa) and stiff (230 kPa) polyacrylamide 

hydrogels, showing that soft substrates induced less pro-inflammatory 

mediators than stiff ones(261). 

Conversely, other studies have reported opposite trends, highlighting the 

complexity of macrophage responses to substrate stiffness. One work on 

polyacrylamide gels, with stiffnesses ranging from 2.55 kPa to 63.53 
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kPa, showed that the low-stiffness gel promoted M1 polarisation in 

mouse bone marrow-derived macrophages, whereas the intermediate 

stiffness gel induced an anti-inflammatory phenotype(200). In another 

study using RGD-coated soft polyvinyl alcohol gels, the softest gel (0.56 

kPa) induced a stronger inflammation compared to medium (13.42 kPa) 

and high stiffness (56.25 kPa) gels in both RAW264.7 cells and mouse 

bone marrow-derived macrophages. In vivo experiment in C57BL/6 

mice further showed that softer gels produced a thicker fibrous 

capsule(201). Similarly, poly(D,L-lactide-co-caprolactone) scaffolds 

with low stiffness (< 5 kPa) drove NR8383 cells, a semi-adherent rat 

alveolar macrophage cell line, towards M1 polarisation and chronic 

inflammation in vivo, whereas stiffer scaffolds (> 40 kPa) induced M2 

polarisation, tissue formation and remodelling in a rat subcutaneous 

model(202). Another study examining stiffness from 6 kPa (soft) to 16 

kPa (stiff) showed that increasing matrix stiffness enhanced M2 

macrophage polarisation in THP-1 cells(262). Additional evidence 

includes a study using fibronectin-coated polyacrylamide gels (1, 20, 

and 150 kPa) with murine primary bone marrow-derived macrophages 

and RAW264.7 cells, which found a pro-inflammatory response on the 

softest gel(263). Similarly, collagen-coated polyacrylamide gels (1 and 

10 kPa) in a mouse tumour model demonstrated that increased matrix 

stiffness led to the accumulation of M2-like macrophages(264). 

Only a limited number of studies have investigated the effects of 

stiffness on human primary macrophages. One study showed that 

increasing the stiffness of collagen/alginate hydrogels (0.1 – 20 kPa) 

promoted M2-like polarisation(265). Similarly, another work using 

RGD-modified PEG-based gels found that stiffer (10.3 kPa) substrates 

drove macrophages towards an anti-inflammatory phenotype(266). In a 

separate study, human monocyte-derived macrophages cultured on 

fibronectin-coated polyacrylamide gels (1 to 280 kPa) exhibited greater 
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cell spreading and enhanced formation of actin fibres with increasing 

stiffness, although their phagocytic capacity was not affected. Surface 

markers or cytokine profiling were not quantified in their study(241). 

Despite extensive research in this field, the effect of substrate chemistry 

and stiffness on macrophages is still unclear as findings across studies 

have often been contradictory. Additionally, most works have 

predominantly relied on cell lines or murine primary cells, with limited 

investigation using primary human monocyte-derived macrophages. 

These models have significant limitations due to both interspecies 

differences(267-270) and the differences between primary cells and cell 

lines(271, 272), potentially compromising the translatability of findings 

to human biology. Another limitation is the use of stiffness ranges that 

do not reflect the mechanical properties of native soft tissues, which are 

usually the intended targets in regenerative medicine applications 

involving hydrogels. Tissues such as the brain, fat, pancreas, kidneys, 

and liver typically exhibit a Young’s modulus below 10 kPa(273). For 

example, the stiffness of different pancreatic regions ranges between 

1.15 ± 0.17 kPa and 2.09 ± 0.33(274, 275). In pathological conditions, 

such as pancreatic ductal adenocarcinoma(276) and chronic 

pancreatitis(277), the stiffness increases to approximately 2.89 - 4.3 kPa, 

reaching values as high as 5.8 kPa in long-term chronic pancreatitis. 

To have a better understanding on how both surface chemistry and 

stiffness affect macrophage polarisation, we investigated the activation 

status of human monocyte-derived macrophages on methacrylate 

alginate (ALMA) hydrogels with mechanical properties mimicking soft 

tissues. Alginate-based hydrogels due to their low cost, low toxicity, 

abundance, and ease of chemical modification(172-175) have been 

explored in the context of immunomodulatory biomaterials(223). 

Mechanical tuneability and chemical versatility make ALMA a valuable 



Chapter 4 

87 

material for investigating macrophage responses in the context of FBR. 

However, despite extensive research, an alginate-based material that 

fully prevent FBR have yet to be achieved, representing a key barrier to 

a successful clinical translation. We hypothesised that substrate stiffness 

within physiologically relevant soft tissue ranges influences 

macrophage polarisation, and that these responses differ from those 

observed in murine models and cell lines. We further hypothesised that 

variations in the density of molecular cues modulate the immune 

response by altering cell-material interactions. Accordingly, this chapter 

aims to investigate the combined effects of mechanical properties and 

surface chemistry on macrophage activation and polarisation, using an 

array of biological techniques, to inform the design of 

immunomodulatory biomaterials for mitigating the foreign body 

reaction. 

The mechanical properties of the hydrogels were determined using 

rheological testing. Monocytes were isolated from healthy blood donors 

and cultured on ALMA hydrogels for 6 days. Macrophage phenotype 

was assessed using a combination of techniques, including 

morphological evaluation, surface marker expression and cytokine 

profiling. We observed that increasing hydrogel stiffness promoted a 

pro-inflammatory macrophage phenotype, as evidenced by elevated 

TNF-α secretion, an increased calprotectin-to-mannose receptor ratio, 

and a more elongated cell morphology. 

4.3 Results 

Among all the different compositions characterised in the previous 

chapter, HDM ALMA Hydrogel 4% was selected given its storage 

modulus (G’) ~1.2 kPa, which reflects the mechanical properties of a 

variety of soft tissues, including thyroid (1.3 kPa), pancreas (1.1 kPa), 
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lung (1.5 kPa), adipose tissue (1.6 kPa), liver (2 kPa), and brain (1 

kPa)(273). Hydrogels were prepared directly in 96-well plates, either 

surface-modified with GRGDSP or unmodified, and subsequently 

sterilised. For the modification, ALMA hydrogels were incubated with 

GRGDSP solutions at two concentrations, resulting in distinct degrees 

of substitution: CB_1, obtained with 1 μM GRGDSP solution, and 

CB_20, obtained with 20 μM GRGDSP solution. As shown in chapter 

3, CB_20 yielded the highest level of GRGDSP conjugation, whereas 

CB_1 resulted in a comparatively lower but still markedly greater 

amount of GRGDSP conjugation than that achieved through simple 

adsorption. Monocytes from healthy donors were isolated and seeded at 

a cell density of 1 x 106 cells/mL. Monocytes were cultured on hydrogels 

for 6 days with the addition of MCSF (10 ng/mL) at day 0 and day 3 to 

stimulate the differentiation into naïve macrophages. Hydrogels were 

incubated with media for 24 hours prior cell seeding to allow them to 

reach equilibrium swelling. 

Images of cells cultured on hydrogels were taken on day 1 and day 6 to 

monitor their morphology (Figure 4.3.1A). As shown in the zoomed-in 

images in Figure 4.3.1B, cells cultured ALMA hydrogels formed some 

clusters since day 1. 
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Figure 4.3.1 Human macrophages on different ALMA hydrogels. 

(A) Representative images of monocytes (day 1) and macrophages (day 

6) cultured on GRGDSP-modified and unmodified ALMA hydrogels 

Scale bar: 50 μm. (B) Zoomed-in images of macrophage clusters at day 

6. 

A Live/Dead assay (Figure 4.3.2A) was performed to assess the toxicity 

of modified and unmodified ALMA hydrogels. The data showed that 

macrophages remained viable after 6 days of culture even though areas 

with dead cells could be seen. Given the poor quality of images, mainly 

due to sample thickness, cell viability was also assessed via ToxiLight 

assay performed on day 1 and day 6 (Figure 4.3.2B). On day 1, no 

significant cytotoxicity was detected in either modified or unmodified 

ALMA hydrogels, as luminescence values were comparable to the live 

control (M0 (Live), monocytes cultured on TCP). In contrast, the 

positive control (M0 (Dead), lysed cells) displayed a clear increase in 

luminescence, reflecting membrane permeability and cell death. By day 

6, macrophages cultured on both hydrogel conditions still exhibited 

significantly lower toxicity than the M0 (Dead) control. However, ATP 

levels increased ~2-fold across all cells cultured on hydrogels compared 

to day 1 and were significantly higher than those measured in 

macrophages cultured on TCP at day 6 (M0 (Live)). Notably, both M1- 

and M2-polarised macrophages also displayed higher luminescence 

signals, comparable to cells cultured on unmodified and modified 

ALMA hydrogels. This suggests that the apparent cytotoxic effect may 

not be a direct consequence of material toxicity but rather linked to cell 

behaviour, namely the acquisition of specific macrophage phenotypes is 

associated with altered metabolic activity and increased luminescence 

signals. Another potential explanation is cell clustering: uneven 

attachment and heterogeneous seeding density across the hydrogel 
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surface could have determined local differences in nutrient availability 

and accumulation of metabolic by-products, resulting in stress for cells. 
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Figure 4.3.2 Human primary macrophage viability on ALMA 

hydrogels. (A) Fluorescent microscopy images of macrophages stained 

for Calcein-AM (green – live cells) and Ethidium homodimer-1 (red – 

dead cells) at day 6. Scale bar: 100 µm. (B) Cytotoxicity of surface 

modified ALMA hydrogel (CB_1 and CB_20) and unmodified ALMA 

hydrogel (ALMA) on monocytes at day 1 and on macrophages at day 6. 

Positive control consisted in cells cultured on tissue culture plastic that 

were lysed. M0, M1, and M2 cultured on TCP were used as live controls. 

Data is presented as mean of triplicates of three independent 

experiments ± SEM (n=3, N=3). 

To assess the phenotype of macrophages cultured on different ALMA 

hydrogels, the expression of calprotectin (pro-inflammatory marker) and 

mannose receptor (MR) (anti-inflammatory marker) as well as the 

release of two pro- (TNF-α, IL-6) and two anti- (IL-10, CCL18) 

inflammatory cytokines were quantified, in line with our previous 

work(278). As a preliminary step, the suitability of these markers was 

validated by analysing M0, M1, and M2 macrophages, which were 

obtained though monocyte differentiation on TCP through cytokine 

stimulation. Marker expression was quantified using immunostaining 

combined with automated image analysis. Fluorescence microscopy 

images were acquired in the blue (nuclei), green (calprotectin), and red 

(MR) channels to identify marker-positive cells (Figure 4.3.3A). To 

ensure comparability across conditions, gain and exposure settings were 

calibrated to the sample with the highest fluorescence intensity and kept 

constant throughout imaging acquisition. The total number of cells per 

image was first quantified and found not to be significantly different 

across images and samples, confirming that marker expression could be 

reliably compared between samples and donors (Figure 4.3.3B). 



Chapter 4 

92 

 

Figure 4.3.3 Human macrophage polarisation characterised by 

surface markers on TCP. (A) Confocal microscopy images of 

macrophages stained for pro- (calprotectin – green) and anti- (mannose 

receptor – red) inflammatory surface markers at day 6. Scale bar: 50 µm. 

(B) Quantification of cell numbers cultured on TCP for 6 days and 

differentiated into M0, M1 and M2 phenotypes. Data is presented as 

mean of triplicates of three independent experiments ± SEM (n=3, N=3). 

Quantification of the green (calprotectin) (Figure 4.3.4A) and red (MR) 

(Figure 4.3.4B) signals was performed using CellProfiler. Both markers 

demonstrated their suitability for phenotypic characterisation: 

calprotectin, the pro-inflammatory marker, was found to be significantly 

upregulated in M1 macrophages, whereas MR, the anti-inflammatory 

marker, was significantly increased in M2 macrophages. To account for 

inter-sample and inter-donor variability, the ratio between calprotectin 

and MR was calculated, thereby normalising fluorescence values and 

enabling direct comparison across conditions.  This analysis further 

validated the suitability of these surface markers for phenotypic 

characterisation as the calprotectin-to-MR ratio was significantly higher 

in M1 macrophages (ca. 4-fold) compared to M2 macrophages (Figure 

4.3.3C), in line with the literature. 
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Figure 4.3.4 Surface marker quantification. Quantification of (A) 

calprotectin, as pro-inflammatory (M1), and (B) mannose receptor, as 

anti-inflammatory (M2), markers through immunostaining. (C) Ratio 

between calprotectin and mannose receptor expression in naïve (M0), 

M1, and M2 macrophages. Data is presented as mean of triplicates of 

three independent experiments ± SEM (n=3, N=3). 

Cytokines were quantified by sandwich ELISA to validate their use as 

markers for macrophage phenotype characterisation (Figure 4.3.5). As 

expected, the pro-inflammatory cytokines TNF-α and IL-6 were 

significantly elevated in M1 macrophages, while their secretion 

remained below the detection threshold in both M0 and M2 

macrophages. In contrast, the anti-inflammatory cytokines IL-10 and 

CCL18 were markedly upregulated in M2 macrophages, with levels 

significantly higher than those observed in M0 and M1. These findings 

aligned with the established cytokine profiles of classically activated 
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(M1) and alternatively activated (M2) macrophages, thereby confirming 

the suitability of these markers for subsequent phenotypic analyses. 

 

Figure 4.3.5 Quantification of pro- (TNF-α, IL-6) and anti- (IL-10, 

CCL18) inflammatory cytokines secreted by M0, M1, and M2 

macrophages at day 6. Data is presented as mean of triplicates of three 

independent experiments ± SEM (n=3, N=3). 

Macrophages cultured on both modified and unmodified hydrogels were 

subsequently stained for the same surface markers. However, reliable 

imaging and fluorescence quantification could not be achieved due to 

several technical limitations, including strong background interference 

(also observed in the Live/Dead assay), sample thickness, and 



Chapter 4 

95 

pronounced cell aggregation. These factors hindered the resolution of 

individual fluorescent signals, rendering accurate detection and 

quantification of marker expression unfeasible. Optimisation of sample 

preparation was therefore required to enable reliable characterisation via 

immunostaining and imaging. 

Despite these limitations, to investigate whether surface modifications 

of the hydrogels influenced macrophage phenotype, culture supernatants 

were collected on day 6 and analysed to determine the cytokine profile. 

A shown in Figure 4.3.6, TNF-α secretion was significantly reduced in 

macrophages cultured on the hydrogel with higher GRGDSP 

conjugation (CB_20) compared to those cultured on the unmodified 

hydrogel (ALMA). In contrast, no significant change was observed for 

macrophages on the hydrogel with lower GRGDSP (CB_1). Similarly 

for IL-10, secretion was significantly higher in macrophages cultured on 

unmodified ALMA compared to both modified hydrogels, suggesting 

greater macrophage activation in the absence of GRGDSP modification. 

Although no statistically significant difference was detected between 

CB_1 and CB_20, IL-10 release was slightly elevated and TNF-α was 

lower in macrophages cultured on CB_20, indicating a potential anti-
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inflammatory trend associated with higher GRGDSP conjugation on 

ALMA hydrogel surface. 

 

Figure 4.3.6 Quantification of pro- (TNF-α) and anti- (IL-10) 

inflammatory cytokines secreted by macrophages at day 6. Data is 

presented as mean of triplicates of three independent experiments ± 

SEM (n=3, N=2). 

Based on the initial findings, surface modification with higher GRGDSP 

conjugation was selected as the most promising modified ALMA 

formulation for investigating the interplay between surface chemistry 

and stiffness. Hydrogels of varying stiffness (ALMA 2%, 4%, and 6%) 

were prepared in both unmodified and surface-modified forms 

(CB_ALMA), with a reduced thickness of 500 μm (compared to the 

previous 1 mm) to facilitate imaging. Monocytes were seeded and 

cultured for 6 days to allow full differentiation. On day 6, samples were 

stained for pro- and anti-inflammatory surface markers, and 

supernatants were collected for cytokine analysis by sandwich ELISA 

(TNF-α, IL-6, IL-10, and CCL18). 

Despite the reduced thickness, cells still could not be imaged at 

magnifications higher than 10x, preventing single cell individuation and 

reliable surface marker quantification. CCL18 levels remained below 
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the detection threshold and were therefore excluded from further 

analysis. 

For the other cytokines, as shown in Figure 4.3.7, a consistent pattern 

emerged among modified and unmodified hydrogels with stiffness being 

the dominant factor that influenced macrophage cytokine secretion. 

When comparing hydrogels of the same stiffness (identical ALMA %) 

but different surface chemistries (unmodified ALMA vs. CB_ALMA), 

no significant differences in cytokine release were observed. In contrast, 

when comparing hydrogels of the same surface chemistry but different 

stiffnesses, cytokine secretion progressively decreased as ALMA 

concentration (and thus stiffness) increased. This trend was evident for 

both pro- and anti-inflammatory cytokines. 

 

Figure 4.3.7 Quantification of pro- (TNF-α, IL-6) and anti- (IL-10) 

inflammatory cytokines secreted by macrophages at day 6. Data is 

presented as mean of triplicates of three independent experiments ± 

SEM (n=3, N=2). 

Together, these results indicate that, while GRGDSP surface 

modification may exert subtle effects under the tested conditions, 

hydrogel stiffness plays a more decisive role than surface chemistry in 

regulating macrophage polarisation, with stiffer matrices generally 

suppressing macrophage activation and cytokine release. On the basis of 

these preliminary findings, the study proceeded to investigate 
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mechanical properties, focusing primarily on the impact of hydrogel 

stiffness on macrophage responses. 

Before proceeding with the study, it was necessary to optimise sample 

preparation, as imaging at sufficiently high magnification to resolve 

individual cells and quantify their fluorescent signals was not feasible. 

Furthermore, hydrogels prepared directly in well plates were observed 

to adopt a “U”-shaped profile after swelling (Figure 4.3.8), likely 

resulting from capillary forces acting on the gels and inducing meniscus 

formation. 

 

Figure 4.3.8 Example of ALMA hydrogels directly prepared in 96-

well plates. 

Substrate geometry has been reported to significantly influence cell 

behaviour and immune response(279, 280). Additionally, macrophages 

were observed to form clusters, which may have been the result of the 

non-flat surface and the presence of a central depression. It was therefore 

essential to establish a preparation method that yielded thin, flat 

hydrogels, enabling cell imaging and eliminating substrate geometry as 

a confounding factor, while ensuring stiffness remained the sole variable 

across samples. 

The first attempt involved placing different volumes of ALMA–Irgacure 

2959 solution onto a glass slide, which was then covered with silanised 

coverslips. The system was exposed to UV light until complete 
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polymerisation, after which the coverslip bearing the hydrogel was 

removed using tweezers (Figure 4.3.9). While this method successfully 

produced films of ALMA hydrogel on silanised coverslips, it presented 

significant limitations. The thickness could not be controlled and, in 

samples with very thin films, the hydrogel often acted as a glue between 

the coverslip and the glass slide, resulting in sample breakage during 

detachment. 

 

Figure 4.3.9 Schematic representation of the first attempt to obtain 

a thin film of ALMA hydrogel on silanised coverslips. 

We next attempted a “sandwich” set-up by using adhesive tape on a glass 

slide to define specific hydrogel thicknesses. In the first approach, the 

silanised coverslip was placed onto the taped glass slide, and the ALMA 

solution was dispensed into the narrow gap between the coverslip and 

the glass slide. However, this method was unsuccessful given the high 

viscosities of ALMA solutions that did not allow to penetrate within the 

extremely restricted space (Figure 4.3.10A). A second approach was 

then tested, in which ALMA solutions was first dispensed onto the glass 

slide, followed by placing the silanised coverslip on top to spread the 

solution evenly (Figure 4.3.10B). This method successfully produced 

flat hydrogels with controlled thickness, providing a more reliable 

preparation strategy. 
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Figure 4.3.10 Schematic representation of the “sandwich” method 

used to prepare thin ALMA hydrogel films on silanised coverslips. 

(A) Approach in which ALMA solution was dispensed into the gap 

between the coverslip and the glass slide. (B) Approach in which ALMA 

solution was dispensed directly onto the glass slide before placing the 

silanised coverslip on top. 

To evaluate the reliability and consistency of this method, a strategy for 

thickness assessment was developed. Samples were prepared using 

either one or three layers of tape (Figure 4.3.11A), and the theoretical 

hydrogel thickness was estimated with a calliper by measuring the 

combined thickness of the tape layers. Hydrogels were then fabricated, 

and their actual thickness was measured using confocal microscopy 

coupled with image analysis. For this purpose, the glass slide was 

marked with a black cross and the silanised coverslip with a green dot, 

providing clear reference points for the top and bottom boundaries of the 

hydrogel sample (Figure 4.3.11B). 
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Figure 4.3.11 Assessment of ALMA hydrogel thickness using the 

“sandwich” method. (A) Example of the sandwich system used to 

obtained hydrogels with different thicknesses, using one and three layers 

of tape. (B) Schematic representing the set-up used to measure the 

thickness of hydrogels using confocal microscopy. 

Based on calliper measurements of the tape layers, the hydrogels were 

expected to reach thicknesses of approximately ~110 μm (1x – one tape 

layer) and 360 μm (3x - three tape layers). As shown in Figure 4.3.12, 

the measured values were in close agreement with these predictions. 

Specifically, the sample prepared with a single tape layer (1x) exhibited 

a thickness of ~160 μm, while the sample prepared with three tape layers 

(3x) showed a thickness of ~300 μm. These results suggest that this 
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hydrogel preparation method is both reliable and adaptable, allowing the 

fabrication of samples with customised thicknesses as required. 

 

Figure 4.3.12 Representative confocal images of hydrogel samples 

prepared using the “sandwich” method, illustrating different 

thicknesses obtained by varying the number of tape layers. 

The main limitation of this method was the tape being in direct contact 

with ALMA solution. This raised the concern that small molecules may 

leach from the tape into the hydrogel precursor solution, introducing 

potential sources of variability that could influence macrophage 

behaviour. To address this issue, the set-up was modified by 

repositioning the tape at the edges of the glass slide and adding an 

additional glass slide to support the silanised coverslip. ALMA solution 

was dispensed onto the coverslip and overlaid with another glass slide, 

thereby avoiding direct contact between the hydrogel and the tape as 

shown in Figure 4.3.13. 
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Figure 4.3.13 Schematic representation of the optimised “sandwich” 

method for producing ALMA hydrogel films with controlled 

thickness on silanised coverslips. 

To prevent the formation of “U”-shaped hydrogels caused by swelling, 

larger well plates were employed. Thin hydrogel films were prepared 

using the optimised sandwich method on coverslips sized for 24-well 

plates and subsequently placed into 12-well plates, providing sufficient 

space to avoid constraints on the gels. Following sterilisation, the 

hydrogels were pre-incubated in complete medium for 24 hours to allow 

protein adsorption, a critical step for promoting cell attachment. 

Importantly, non-treated well plates were used to ensure that cells 

adhered exclusively to the hydrogel surface. 24 hours after seeding, the 

culture medium was replaced to remove non-adherent monocytes, 

thereby reducing the risk of apoptotic signals interfering with the 

differentiation and polarisation of the attached cells. 

With the optimised preparation method in place to obtain flat and 

reproducible hydrogel films, we next applied this set-up to investigate 

how hydrogel stiffness influences macrophage polarisation. 

Specifically, three formulations of HDM ALMA hydrogels (2%, 4%, 

and 6%) were selected and further characterised.  

In vitro swelling (Figure 4.3.14B) showed that all three hydrogel 

compositions reached equilibrium in less than 24 hours, with ALMA 4% 

and 6% exhibiting a similar weight increase of 20%. The composition 

with 2% methacrylate alginate showed a higher swelling, reflecting the 

lower concentration of the polymer involved in forming the 3D network. 
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To quantitatively determine the mesh size, the rubber elasticity theory 

was applied to relate the storage modulus (G’) measure via amplitude 

sweeps to the network crosslinking density(231, 281, 282). Increasing 

ALMA concentration led to significantly smaller mesh sizes, showing 

an inverse correlation with stiffness (Figure 4.3.14C). This observation 

is consistent with the fact that higher polymer concentrations yield 

stiffer hydrogels by forming denser crosslinked networks, which 

reduces both void space and the swelling capacity(283). Environmental 

scanning electron microscopy (ESEM) images (Figure 4.3.14D) were 

collected to characterise the surface of hydrogels at different ALMA 

concentrations in their native hydrated state. To complement ESEM 

observations, we further characterised surface topography using optical 

profilometry. Profilometry of hydrated gels provided quantitative 

roughness parameters, including the arithmetical mean height (Sa) and 

root mean square height (Sq). Roughness was higher for ALMA 2% (Sa 

= 41.6 nm; Sq = 53.4 nm) compared with ALMA 4% (Sa = 26.2 nm; Sq 

= 33.4 nm) and 6% (Sa = 24.3 nm; Sq = 30.7 nm), while no significant 

differences were observed between the 4% and 6% hydrogels (Figure 
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4.3.14E). Both ESEM and profilometry indicated that surface 

smoothness increased with polymer concentration.  

 

Figure 4.3.14 Swelling, mesh size and surface morphology of ALMA 

hydrogels. (A) Gross view of an ALMA hydrogel disc (B) Swelling 

equilibrium and (C) mesh size of ALMA hydrogels at 2%, 4%, and 6% 

w/v calculated by using the rheological data and the rubber elasticity 

theory (D) Representative environmental scanning electron microscopy 

(ESEM) images of the hydrogel surfaces. (E) Quantification of 

arithmetical mean height (Sa) and root mean square height (Sq) using 

optical profilometry for ALMA hydrogels at 2%, 4%, and 6% w/v. Data 

is presented as mean of triplicates ± SD (n=3). 

Protein adsorption and surface chemistry were assessed by XPS (Figure 

4.3.15A). Analysis of the integrated N 1s peaks (Figure 4.3.15B), which 

arise exclusively from adsorbed proteins as ALMA lacks nitrogen, 

showed no significant differences in nitrogen content among the 
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compositions (Figure 4.3.15C), indicating comparable protein 

adsorption across all formulations. Similarly, the quantification of C 1s 

(Figure 4.3.15D) and O 1s (Figure 4.3.15E) peaks revealed no 

detectable changes in surface functional groups with increasing polymer 

concentration. It is important to note that XPS provides only elemental 

composition and relative abundance of elements and cannot determine 

the identity, conformation, or orientation of the adsorbed proteins. 

Complementary approaches, such as mass spectrometry, would be 

required to fully characterise the adsorbed protein layer. 

 

Figure 4.3.15 Surface characterisation of ALMA hydrogels. (A) XPS 

wide-scan spectra of ALMA hydrogels at 2%, 4%, and 6% following 24-

hour incubation in culture medium. (B) Enlarged N 1s peaks from the 

wide-scan spectra used to quantify protein adsorption. Quantification of 

(C) N 1s, (D) C 1s, and (E) O 1s peaks. Data is presented as mean of 

triplicates ± SD (n=3). 

The storage (G’) and loss (G’’) moduli (Figure 4.3.16A) were 

extrapolated at 1 Hz from frequency sweeps that were shown in Chapter 

3. While ALMA 2% and 4% did not show a significant difference in 
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their G’ (257.9 Pa and 1195.7 Pa, respectively) and G’’ values (33.8 Pa 

and 35.2Pa, respectively), the ALMA 6% hydrogel exhibited 

significantly higher moduli (G’ value of 4426.6 Pa and G’’ value of 

175.3 Pa) compared to the two softer hydrogels. Together, these three 

compositions span stiffness values across the physiologically relevant 

range of soft tissues – from very soft tissues, such as the lens (0.2–0.8 

kPa), to intermediate tissues, including the thyroid (1.3 kPa), pancreas 

(1.1 kPa), lung (1.5 kPa), adipose tissue (1.6 kPa), liver (2 kPa), and 

brain (1 kPa), and to relatively stiffer organs such as the kidney (4–5 

kPa)(273) – thus enabling investigation of cell responses across a 

representative mechanical spectrum. Complex viscosity was also 

determined (Figure 4.3.16B), and stress relaxation (Figure 4.3.16C) 

was investigated as many studies have shown the effect of 

viscoelasticity on cell responses(284-286). All three hydrogels showed 

similar stress relaxation profiles, confirming that observed differences 

in macrophage activation status were due to stiffness rather than 

viscoelasticity. 

 

Figure 4.3.16 Rheological characterisation of methacrylate alginate. 

(A) storage (G’) and loss (G’’) moduli, (B) complex viscosity, and (C) 

normalised stress relaxation of ALMA hydrogels. Stress relaxation was 

performed within LVE region (5% strain). Data is presented as mean of 

triplicates ± SD (n=3). 
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Rheological measurements reflect the bulk properties of a material and 

may not accurately capture the local mechanical environment at the 

material’s surface. To obtain local stiffness measurements, atomic force 

microscopy (AFM) was attempted, but reliable data could not be 

acquired due to technical challenges. The extreme softness of the 

substrates used in this study posed a major challenge, as capillary forces 

dominated the measurements and interfered with reliable 

characterization(287, 288), effectively pulling the tip toward the surface 

and confounding the true tip-sample interactions. Another critical 

limitation was tip contamination. The AFM tip often penetrated through 

the hydrogel surface, dislodging fragments that subsequently adhered to 

the tip and rendering subsequent measurements unreliable. Another 

factor that prevented reliable AFM analysis was gel breakage during 

measurement, which caused the probe to directly contact the underlying 

glass substrate. This was evident from the probe-sample interaction 

curve overlapping with the calibration curve, indicating that the tip was 

primarily detecting the glass rather than the hydrogel layer (data not 

available). 

To provide an overview of the experimental strategy used to investigate 

macrophage responses to hydrogel stiffness, a schematic representation 

is shown in Figure 4.3.17. 
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Figure 4.3.17 Overview of the experimental workflow.  Monocyte 

isolation from healthy blood donor, differentiation and characterisation 

of morphology, surface markers and cytokine profiling of macrophages. 

A Live/Dead assay (Figure 4.3.18A) was performed to assess the 

toxicity of ALMA hydrogels. The data showed that macrophages 

remained viable after 6 days of culture across all hydrogels, suggesting 

comparable biocompatibility. The high cell viability was also supported 

by the ToxiLight assay which showed no significant differences in 

metabolic activity between macrophages cultured on the hydrogels and 

those cultured on TCP controls (Figure 4.3.18B). Together, these results 

demonstrated the suitability of ALMA hydrogels as biocompatible 

substrates for macrophage differentiation and culture. 
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Figure 4.3.18 Human primary macrophage viability on 

methacrylate alginate. (A) Fluorescent microscopy images of 

macrophages stained for Calcein-AM (green – live cells) and Ethidium 

homodimer-1 (red – dead cells) at day 6. Scale bar: 100 µm. (B) 

ToxiLight assay on macrophages cultured for 6 days on ALMA 2%, 4%, 

and 6%. Positive control (M0 (Dead)) is purposely lysed macrophages. 

M0 macrophages cultured on tissue culture plastic (M0 (Live)) were 

used as negative controls. Data is presented as mean of triplicates of 

three independent experiments ± SEM (n=3, N=3). 

The expression levels of calprotectin (pro-inflammation marker) and 

mannose receptor (anti-inflammatory markers) were quantified by 

immunofluorescent staining and image analysis, in line with our 

previous works(278) (Figure 4.3.19A). To ensure cross-sample 

comparisons, the number of imaged cells was quantified across the 

different hydrogels. No significant differences in cell number were 

detected (Figure 4.3.19B). The calprotectin-to-mannose expression 

ratio was used as a surrogate for assessing the macrophage activation 

status (Figure 4.3.19C). There was no significant difference in the 

calprotectin-to-MR ratio between macrophages cultured on ALMA 2% 

and 4%. Macrophages cultured on 2% and 4% ALMA expressed more 

MR relative to calprotectin as the ratios were below one. In contrast, 

calprotectin was expressed significantly more (ca. 6-fold) in 

macrophages that were cultured on ALMA 6%. This suggested that a 

significant increase in the storage modulus (G’) promoted a shift 

towards a more pro-inflammatory, M1-like phenotype. 
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Figure 4.3.19 Human macrophage polarisation characterised by 

surface markers on different ALMA hydrogels. (A) Confocal 

microscopy images of macrophages stained for pro- (calprotectin – 

green) and anti- (mannose receptor – red) inflammatory surface markers 

at day 6. Scale bar: 20 µm. (B) Quantification of cell numbers cultured 

on ALMA hydrogels at day 6 (C) Ratio between calprotectin and MR 

fluorescent signals. Data is presented as mean of triplicates of three 

independent experiments ± SEM (n=3, N=3). 

To further characterise macrophage activation in response to different 

stiffnesses, monocytes were stained for nuclei and F-actin to monitor 

their morphology over the 6-day culture period. As shown in Figure 

4.3.20A and 4.3.20B, cells cultured on ALMA 6% presented a more 

elongated morphology starting from day 3, in contrast to those on the 

softer hydrogels, which maintained a rounder shape. To quantitatively 

compare cell morphologies, parameters including cell eccentricity and 

area were measured. Eccentricity was used to quantify cell elongation, 

where a value of zero corresponds to a perfect circle and one to a line. 

On day 6, macrophages on the stiffest ALMA hydrogel (ALMA 6%) 
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displayed significantly higher eccentricity (~0.8) compared to those on 

the softest hydrogel (ALMA 2%), which showed eccentricity values 

below 0.75 (Figure 4.3.20C).  Similarly, the cell area was significantly 

larger on the stiffest hydrogel (~197 μm2) than on the softest substrate 

(~120 μm2), suggesting decreased cell interaction with the softer 

materials (Figure 4.3.20D).  

Interestingly, cells located near the edge of the disk-shaped hydrogels 

consistently exhibited much greater spreading compared to those resided 

on more central regions (Figure 4.3.20E). This phenomenon was 

observed for all the three ALMA concentrations. The spreading 

appeared to be unidirectional towards the edge, evidenced by the cell 

lamellipodia distribution.  This unexpected edge-related cell 

morphology might be due to a higher local stiffness near the perimeter, 

potentially caused by increased water evaporation near the edge during 

hydrogel preparation. However, the local stiffness and composition will 

need further characterisation in future studies to elucidate the underlying 

mechanisms.   
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Figure 4.3.20 Human macrophage morphology on different 

alginates (A) Confocal microscopy images of monocyte (day 1 and 3) 

and macrophages (day 6) stained for nuclei (DAPI – blue) and F-actin 

(Phalloidin – cyan) at day 1, day 3, and day 6. Scale bar: 20 µm. (B) 

Zoomed-in confocal microscopy images representative of macrophage 

morphology at day 3. Scale bar: 20 µm. (C) Quantification of 
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eccentricity and (D) area of macrophages at day 6. (E) Representative 

morphologies of macrophages adhered close to the edge of the disk-

shaped ALMA hydrogels. White dashed lines represent the edges. Scale 

bar: 20 µm. Data is presented as mean of triplicates of three independent 

experiments ± SEM (n=3, N=3). 

To further determine the phenotype of macrophages on different ALMA 

hydrogels, pro- (TNF-α, IL-6) and anti- (IL-10, CCL18) inflammatory 

cytokines were quantified by using sandwich ELISA (Figure 4.3.21). 

TNF-α secreted from macrophages cultured on ALMA 6% was 

significantly higher compared to cells on ALMA 2% and 4%, suggesting 

a shift towards a pro-inflammatory phenotype on the stiffer substrate. 

Although no significant difference was observed for IL-6, a trend of 

increasing secretion with increasing stiffness was observed. In terms of 

anti-inflammatory cytokines, IL-10 secretion was significantly higher 

from macrophages cultured on the softest ALMA 2%. Although no 

significant difference was observed for CCL18 release, a decreasing 

trend with increasing stiffness was observed. Overall, the cytokine 

profile supported the observation that stiffer hydrogels induced a pro-

inflammatory phenotype, whereas softer substrates showed an anti-

inflammatory activation status.  



Chapter 4 

116 

 

Figure 4.3.21 Quantification of pro- (TNF-α, IL-6) and anti- (IL-10, 

CCL18) inflammatory cytokines secreted by macrophages at day 6. 

Data is presented as mean of triplicates of three independent 

experiments ± SEM (n=3, N=3). 

It is known that high endotoxin levels can induce pro-inflammatory 

polarisation in macrophages(289). To exclude the possibility that 

changes in cell behaviour were a consequence of high endotoxin levels, 

ALMA 6% was prepared and incubated in PBS, simulating the cell 

culture conditions. After 6 days, endotoxins were quantified and data 

showed that their level was below the accepted limit of 0.1 EU/mL for in 

vitro immunogenicity assays, which excluded the possibility of the 

2% 4% 6%

0

200

400

600

800
T

N
F
α

 C
o

n
c

e
n

tr
a

ti
o

n
(p

g
/m

L
)

ns

✱✱✱

2% 4% 6%

0

100

200

300

400

IL
6

 C
o

n
c

e
n

tr
a

ti
o

n
(p

g
/m

L
)

ns

ns

ns

2% 4% 6%

0

100

200

300

IL
-1

0
 c

o
n

c
e

n
tr

a
ti

o
n

(p
g

/m
L

)

✱

✱✱

ns

2% 4% 6%

0

50

100

150

200

C
C

L
1

8
 C

o
n

c
e

n
tr

a
ti

o
n

(p
g

/m
L

)

ns

ns

ns

Anti-inflammatory

Pro-inflammatory



Chapter 4 

117 

influence of endotoxins on macrophage activation status (Figure 

4.3.22). 

 

Figure 4.3.22 Endotoxin quantification at day 6 in the supernatant 

of ALMA 6% sample. Sterile PBS was used as a control. Data is 

presented as mean of triplicates ± SD (n=3). 

4.4 Discussion 

Cells and their activities are strongly influenced by the geometry of the 

substrates to which they adhere(290). In this study, the final results 

differed from the preliminary data, where increasing stiffness of ALMA 

hydrogels was associated with reduced cytokine release. However, 

extensive optimizations in sample preparation were performed which 

altered the hydrogel geometry, shifting from U-shaped hydrogels to flat 

surfaces, which likely contributed to the differences observed. 

Firstly, differences in effective cell density must be considered. In the 

early experiments, when hydrogels were directly prepared in the well-

plate, macrophages tended to aggregate. We initially hypothesised that 

this was driven either by the softness of the substrate or by the “U” shape 

assumed by the hydrogel, which forced cells to accumulate in the central 

hollow rather than distribute evenly. Our data indicate that cell clustering 
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was not linked to substrate softness as ALMA 2%, used to mimic lens’ 

stiffness, is characterised by a very low G’ (~258 Pa), and cell 

aggregation was not observed when the hydrogels were prepared with 

the optimised sandwich method. Cell density is known to profoundly 

influence cellular metabolism and activity by modifying resource 

availability, waste accumulation, and intercellular signalling. At high 

density, rapid nutrient and oxygen consumption leads to local depletion 

and hypoxia, often shifting metabolism towards glycolysis. 

Concurrently, waste buildup and increased cell-cell contact reinforce 

changes in signalling pathways and can suppress anabolic fluxes 

through contact inhibition. Although these effects are cell type-specific, 

macrophages are no exception. For example, it was shown in a recent 

study how macrophage culture density significantly influences 

morphology, phenotype, and inflammatory responses in vitro. 

Increasing density alters cytokine and chemokine secretion across 

multiple macrophage models, including iPSC-derived macrophages, 

blood monocyte-derived macrophages, THP-1 cells, and iPSC-derived 

microglia(291). Consistent with this, the ToxiLight assay suggests a 

similar density-dependent effect. Macrophages cultured on optimised, 

flat hydrogels displayed metabolic activity comparable to M0 

macrophages cultured on TCP, whereas macrophages cultured on the 

same U-shaped hydrogel showed a significant increase in luminescence, 

indicating altered metabolic behaviour and membrane permeability. 

The conflicting reports on macrophage responses to substrate stiffness, 

along with the relatively high stiffness ranges commonly investigated in 

the literature, prompted us to study human macrophages on soft 

hydrogels. We prepared hydrogels with different mechanical properties 

by varying ALMA concentrations from 2% to 6% w/v. Our results 

showed that even a modest increase (in absolute value) from ~0.25 kPa 

to ~4.5 kPa led to significant changes in human monocyte-derived 



Chapter 4 

119 

macrophages. Our results demonstrated that cells cultured on the stiffest 

substrate (ALMA 6%, ~4.5 kPa) showed a more elongated morphology 

as early as day 3. This feature was also associated with a higher 

calprotectin-to-mannose receptor expression ratio, and a significant 

increase in pro-inflammatory cytokine release, particularly TNF-α. A 

stiffness-dependent increase in IL-6 was also observed when moving 

from soft (ALMA 2%) to stiff (ALMA 6%) hydrogels. 

The stiffness-dependent trend observed in our study aligns with several 

previous reports in which increased stiffness promoted a shift towards 

M1-like macrophage phenotype. Blakney et al. reported increased TNF-

α, IL-1β, and IL-6 expression in macrophages cultured on stiff PEG gels 

(840 kPa)(197), while Sridharan et al. found greater cell spreading and 

upregulation of two pro-inflammatory chemokines, such as CXCL11 

and CCL20, on stiff polyacrylamide gels (323 kPa)(198). In both 

studies, softer gels (> 11 kPa) promoted an anti-inflammatory 

phenotype. Similarly, Zhuang et al. showed that increasing GelMA 

stiffness (2–29 kPa) enhanced inflammatory signalling and M1 

polarisation(199). Our findings are also consistent with those of 

Previtera et al., who showed reduced pro-inflammatory mediator release 

on soft gels (0.3 kPa) compared to stiff ones (230 kPa)(261).  Although 

these reported findings align with our data, it is important to note that 

most of the previously defined “soft” substrates are still 2–3 orders of 

magnitude stiffer than our ALMA 2% hydrogel (~0.25 kPa), with the 

exception of the soft gel used by Previtera et al.  These reported soft 

hydrogels are even at least 2-fold stiffer than our stiffest gel (ALMA 6%, 

~4.5 kPa). Notably, our findings extend and expand the existing 

knowledge by demonstrating that stiffness-driven M1 activation is not 

limited to high-stiffness substrates (>10 kPa) but can also arise within 

the low-kilopascal range. This is particularly relevant in the context of 

soft tissues, both in healthy and fibrotic conditions. For example, in the 
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liver and brain, stiffness can increase from 0.3-1 kPa under healthy 

conditions to >25 kPa during fibrosis(292, 293). These results highlight 

the need for comparative studies which focus on the low-kPa range to 

elucidate how subtle changes in the mechanical properties of soft tissues 

influence macrophage behaviour. 

Several studied reported an opposite trend to what we and others 

observed, showing a pro-inflammatory phenotype associated with softer 

gels(201, 202, 262-264). Such discrepancies might depend on other 

factors than stiffness alone. In fact, stiffness is not the only mechanical 

property of hydrogels. Viscoelasticity is another key feature(294) and 

changing the degree of crosslinking in a 3D polymer network can alter 

the viscoelastic properties of hydrogels(295-297). Viscoelasticity has 

been shown to modulate mechano-sensitive molecular pathways in 

various cell types(286), such as fibroblasts and cancer cells(297), 

hepatocytes(298), and human induced pluripotent stem cells(204). 

Kalashnikov N. et al. have directly addressed how viscoelastic cues 

modulate THP-1 macrophage morphology and functions, revealing that 

more viscous substrates induce a rounder morphology and a reduced 

phagocytic activity(284). Despite this, studies examining the role of 

viscoelasticity in macrophage behaviour remain scarce. Further research 

is needed to elucidate how viscoelastic properties affect macrophages, 

particularly in the context of FBR. 

Another factor that may explain the divergent results is the source of 

macrophages used in different studies(299). It is worth noting that most 

studies used murine bone marrow-derived macrophages, RAW264.7 

cells(201) or NR8383 rat alveolar macrophages(202), all of which may 

exhibit different sensitivities and responses to mechanical cues 

compared to human macrophages. Only a few studies have used primary 

monocyte-derived macrophages, and interestingly they showed trends 
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opposite to ours. Guenther et al. showed that increased stiffness led to a 

M2-like phenotype, with macrophages on stiffer substrates expressing 

higher levels of CD206 and MMP13(265). However, their study 

involved coculture with cancer cells, introducing additional variables 

such as tumour-macrophage crosstalk that can independently affect 

macrophage phenotype. Furthermore, the use of a 3D culture system in 

their study adds complexity, as dimensionality is also known to impact 

macrophage behaviour(195). Similarly, Scott et al. reported that human 

macrophages cultured on stiffer RGD-modified-PEG-based gels (10.3 

kPa) displayed a shift towards an anti-inflammatory phenotype(266). 

Adlerz et al. also studied human monocyte-derived macrophages on 

fibronectin-coated polyacrylamide gels of varying stiffness(241). While 

their findings addressed morphological changes, they did not include 

key phenotypic indicators such as surface marker expression or cytokine 

secretion, making it difficult to determine whether substrate stiffness 

promoted a pro- or anti-inflammatory state. 

Surface chemistry plays a critical role in modulating cell-biomaterial 

interactions, primarily by influencing the adsorption of proteins from 

serum or culture media onto the substrate surface(224). The amount, 

composition, and conformation of the adsorbed protein layer vary 

depending on the material’s chemical properties, and this layer critically 

determines the presentation of adhesive motifs to cells. Hydrogels can 

also be functionalised with peptides, such as RGD-containing 

sequences(266), or extracellular matrix proteins, such as fibronectin or 

collagen(241, 263) that favour cell attachment, promoting a stronger 

integrin engagement compared to unmodified hydrogels, which rely 

solely on non-specifically adsorbed proteins. These variations directly 

affect how integrins engage with the substrate, as integrin-based 

adhesion complexes serve as key mechano-transduction bridges 

between the extracellular environment and the cytoskeleton(225). As a 
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result, variations in protein adsorption and differences in surface 

densities of binding motifs can influence cell adhesion and mechano-

transduction pathways, independently from the mechanical properties of 

the gels. Ultimately, these changes can affect gene expression and 

functional responses in cells, including macrophages, as demonstrated 

in previous studies(222, 256, 257, 259). This may partly explain the 

divergent polarisation outcomes observed across different studies using 

hydrogels with comparable stiffness but different surface chemistries. 

Other features, such as surface roughness and mesh size, can influence 

macrophage responses, as previously reported in the literature(300, 

301). However, our data indicate that their contribution is minimal in 

our system, with stiffness emerging as the dominant factor shaping 

cellular behaviour. For example, although ALMA 4% and 6% exhibited 

comparable roughness but different stiffnesses, macrophages cultured 

on ALMA 6% displayed significantly higher calprotectin/MR ratio, 

greater spreading, and increased TNF-α release. These effects can 

therefore be attributed primarily to stiffness, as topographical 

differences were negligible. Conversely, while ALMA 2% and 4% 

hydrogels differed significantly in both roughness and mesh sizes, their 

storage moduli (G’) were not significantly different, and macrophage 

responses - including calprotectin/MR ratio, eccentricity, cell spreading, 

and TNF-α, IL-6, and CCL18 release - remained largely similar. Taken 

together, these findings suggest that nanoscale variations in roughness 

and mesh size exert little influence on macrophage behaviour in this 

system, whereas stiffness consistently acts as the key mechanical 

determinant of macrophage phenotype. 
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4.5 Conclusions 

In this chapter, we investigated the relative contributions of substrate 

chemistry and stiffness to macrophage polarisation. Initial experiments 

examined the role of surface chemistry through conjugation of the pro-

adhesive peptide GRGDSP. Both modified and unmodified hydrogels 

supported high cell viability, confirming absence of toxicity. Cytokine 

profiling indicated that GRGDSP reduced pro-inflammatory signalling 

(TNF-α), while its effects on anti-inflammatory responses (IL-10) were 

modest. These findings suggest that surface chemistry can influence 

macrophage activity but does not serve as the primary determinant of 

polarisation in this system. Following an extensive optimisation of the 

sample preparation method, the focus shifted more on the mechanical 

properties. We show that the stiffness of ALMA hydrogels significantly 

influences the behaviour of human primary macrophages. Specifically, 

stiffer hydrogels (~4.5 kPa) promoted a pro-inflammatory phenotype. 

This was evidenced by the elongated morphology observed on the 

stiffest hydrogel (ALMA 6%) and a higher calprotectin-to-mannose 

receptor ratio, indicating a stiffness-dependent, mechano-sensitive shift 

in macrophage behaviour. These findings were further supported by 

cytokine profiling, which showed an elevated secretion of TNF-α and 

IL-6 on stiffer hydrogels compared to softer substrates (~258 Pa). 

Importantly, this pro-inflammatory response was observed even within 

the range of soft tissue-relevant stiffness, highlighting the sensitivity of 

macrophages to subtle mechanical variations. Future studies should 

explore additional material properties such as viscoelasticity, surface 

chemistry, and protein adsorption to further elucidate the complex 

interactions between biomaterial mechanics and macrophage 

polarisation. A deeper understanding of how biomechanical properties 



Chapter 4 

124 

interface with surface chemistry and protein presentation will guide the 

rational design of immunomodulatory biomaterials. 
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Chapter 5. Hydrogel Viscoelasticity 

Regulates Human Monocyte-derived 

Macrophage Phenotype 

5.1 Abstract 

Macrophages are a key cell type in the foreign body reaction (FBR), 

playing a central role in inflammation and fibrotic encapsulation of 

implants. However, the influence of viscoelasticity of biomaterials on 

these immune cells remains poorly understood. Here, we investigated 

how viscoelasticity of biomaterials modulates human monocyte-derive 

macrophage responses. Polyacrylamide (PAAm) hydrogels with 

comparable storage moduli, mesh size, and chemistry but distinct 

viscoelasticities were prepared by tuning monomer (acrylamide) and 

crosslinker (bisacrylamide) concentrations. PAAm hydrogels prepared 

at 15% with an acrylamide-to-bisacrylamide ratio of 80:1 (15% (80:1)) 

displayed a solid-like, elastic behaviour, with minimal stress relaxation. 

In contrast, PAAm hydrogels prepared at 20% with a 300:1 ratio (20% 

(300:1)) showed pronounced stress relaxation, ~70% decrease of its 

modulus within 5 minutes, a biological-relevant timeframe as cells 

generate and release traction forces with a similar timing. We showed 

that human peripheral monocyte-derived macrophages cultured on the 

viscoelastic substrate spread more extensively and displayed higher 

eccentricity compared to those on the elastic substrates, which had 

smaller area and were characterised by cluster formation. Phenotype 

characterisation revealed that elastic hydrogels promoted a pro-

inflammatory response, marked by higher calprotectin expression and a 

significant increase in the secretion of TNF-α and IL-6, while anti-
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inflammatory surface marker and cytokines remained unaffected. These 

findings demonstrate that stress relaxation is a key factor in regulating 

macrophage phenotype, independent of storage modulus, and should be 

considered in the rational design of immunomodulatory biomaterials to 

mitigate FBR. 

 

Figure 5.1.1 Schematic showing the effect of hydrogel viscoelasticity 

on macrophage morphology and phenotype.  

5.2 Introduction 

The foreign body reaction (FBR), which typically develops around 

implanted materials, is primarily driven by the host immune response 

and often leads to immune cell infiltration, formation of giant cells, and 

fibrous encapsulation. FBR compromises the functionalities and 

therapeutic outcome of implants and can markedly lower the life quality 

of affected people(113, 116). Macrophages play a central role in 

orchestrating FBR, a function underscored by multiple studies 

employing immune cell knockout models in animals(176, 302), 

Macrophages can adopt a spectrum of different activation states, with 

the pro- (M1) and the anti- (M2) inflammatory phenotypes at the 

opposite ends of this continuum(71, 72, 77), and strategies to mitigate 
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FBR often aim to promote M2 polarisation to reduce fibrous 

encapsulation(303, 304). 

It is well established that various material properties, including stiffness, 

viscoelasticity, porosity, surface chemistry, and topography can 

influence macrophage polarisation, thereby shaping the onset and 

progression of FBR(195, 196, 255, 305, 306). Adherent cells engage 

with substrates through integrin-based adhesion complexes and generate 

contractile forces on the substrates. Through the cytoskeleton, which 

serves as a mechano-transduction bridge between the extracellular and 

the internal cellular environment, cells can sense the mechanical cues of 

the substrates they are attached to(225, 307, 308). Beyond integrins, 

cells can exploit other pathways to sense materials’ mechanical 

properties, such as the mechanosensitive ion channels(309) 

PIEZO1(310) and TRPV4(311), which macrophages also utilise. 

Most studies on cell–substrate interactions have taken a stiffness-centric 

approach, focusing on stiffness as the only mechanical property(198, 

201, 265) while other important features, including viscoelasticity, 

remain less explored. Yet, living tissues - including kidneys(312), 

brain(313), pancreas(314) - as well as structural components like 

collagen(315) and hydrogel-based biomaterials, display more complex 

mechanical behaviours that are best described as viscoelastic. These 

materials show both elastic and viscous responses when deformed. 

Viscoelasticity can be quantified by storage modulus (G’) and loss (G’’) 

moduli which represent the elastic and viscous component, respectively. 

Viscoelastic materials also show related properties, such as stress 

relaxation, which described the progressive decrease in stress observed 

when a constant strain is maintained over time(203). Materials with 

higher viscoelasticity display greater relative G’’ values and enhanced 
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stress relaxation, i.e. more rapid declining of stress when maintaining a 

constant strain(286, 316).  

Several studies have shown that viscoelasticity affects different cell 

types and their behaviour. For example, myoblasts cultured on RGD-

modified alginate exhibited enhanced spreading and proliferation on 

viscoelastic hydrogels compared to purely elastic ones(208). Similarly, 

survival, proliferation, and polarisation of human pluripotent stem cells 

(hiPSCs) were supported by fast-relaxing (τ1/2 ~ 70 s) alginates, whereas 

slow-relaxing (τ1/2 ~ 1000) hydrogels induced apoptosis(204). Effects of 

viscoelasticity have also been reported in human mesenchymal stem 

cells (hMSCs)(205, 206), skeletal muscle satellite cells(207), 

fibroblasts(209, 210), breast epithelial cells(211), hepatocellular 

carcinoma cells, hepatocytes(212, 213), adenocarcinoma and 

fibrosarcoma cells(214). 

Only a very limited number of studies have investigated the effect of 

viscoelasticity on macrophages. For example, THP-1 macrophages 

cultured on viscous polyacrylamide (PAAm) gel displayed altered 

morphology and reduced phagocytosis(284). Similarly, RAW 264.7 

cells showed that elastic PAAm hydrogels supported transient 

lipopolysaccharide (LPS)-treated macrophages activation, while 

viscoelastic counterparts amplified inflammation under persistent 

stimulation. These effects were mediated by F-actin dynamics and 

transcription factors (NF-κB, C/EBPδ, ATF3), highlighting 

viscoelasticity as a key regulator of immune responses in inflammatory 

and cancerous contexts(317). In another study, murine bone marrow-

derived macrophages (BMDMs) cultured on fast-stress-relaxation PEG-

modified alginate hydrogels exhibited higher TGF-β1–mediated 

macrophage–MSC interactions, a metabolic shift from glycolysis to 

oxidative phosphorylation, and promoted bone regeneration(285).  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/skeletal-muscle
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Building on these studies, there is scope to further investigate how 

viscoelasticity shapes macrophage behaviour. Previous works on 

viscoelasticity-macrophage interactions have relied on cell lines and 

murine cells, whereas the effect of viscoelasticity on primary human 

monocyte-derived macrophages remains unexplored. Given their central 

role in orchestrating the immune response(176), understanding how 

human macrophages respond to viscoelasticity - thus overcoming the 

limitations associated with immortalised or cross-species models - is 

crucial. Such insights would help to develop and design novel 

implantable biomaterials with improved biocompatibility in humans, 

while reducing unwanted immunological response, such as FBR.  

Additionally, prior studies on viscoelasticity-macrophage interactions 

lacked characterisation of stress relaxion(210) or the reported rapid 

stress relaxation (<5 s for both elastic and viscoelastic materials to reach 

~30% of their initial moduli). Such fast stress relaxation determined 

nearly identical profiles after few seconds which are unlikely 

biologically relevant(211, 317). When cells engage with a substrate via 

adhesion complexes, they exert and release traction forces between 20 s 

and 5 minutes(205). Nascent adhesions require up to 2 minutes to mature 

under sustained tension(318), and, for them to develop into focal 

adhesions, actin needs to polymerise, a highly dynamic process with 

filament turn-over times of 10-30 seconds(319). Therefore, materials 

that relax within 5 s are likely to dissipate forces before effective cell-

material interactions and adhesion maturation can occur. To be suitable, 

substrates should exhibit stress-relaxation dynamics within biologically 

relevant timescales, allowing cells to sense and respond to these 

variations. In this work, the viscoelastic composition relaxes by ~70% 

over in 10 minutes, aligning with the timeframe of adhesion maturation 

and providing an appropriate platform to probe macrophage responses. 
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Finally, when designing viscoelastic biomaterials, it is important to 

minimise changes in composition so that differences in cellular 

responses can be more confidently attributed to viscoelastic properties 

rather than to variations in chemistry or other physical features. For 

example, introducing new chemical components to tune viscoelasticity 

may alter biological responses, complicating data interpretation. 

Polyacrylamide (PAAm) hydrogels offers a distinct advantage in this 

regard as their properties can be optimised by changing the 

concentration of acrylamide and bisacrylamide as well as the ratio 

between these two components to achieve the desired modulus and 

viscoelasticities(183, 205, 320), while minimising the change in 

chemical composition. Additionally, PAAm gels have been extensively 

used in the literature to study the influence of mechanical properties on 

a variety of cell types so that the obtained results can be compared to 

similar studies(181, 321, 322). 

We hypothesised that substrate viscoelasticity regulates macrophage 

polarisation, and that differences in stress relaxation profiles lead to 

distinct activation states in human monocyte-derived macrophages. We 

further hypothesised that macrophage responses to viscoelasticity differ 

from those reported in murine models and cell lines. Accordingly, the 

objective of this study was to investigate the effect of viscoelastic 

properties, independent of major compositional changes, on 

macrophage activation and polarisation, using morphological 

assessment, surface marker expression, and cytokine profiling, to inform 

the design of biomaterials with improved immunomodulatory 

performance. 

To do so, we prepared PAAm gels with similar initial relaxation moduli 

- within the range soft tissues - but differed in their viscoelastic 

behaviours, as defined by distinct stress relaxation profiles. The 
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mechanical properties of the PAAm gels were determined using 

rheological testing. Monocytes were isolated from healthy blood donors 

and cultured on PAAm gels for 6 days. Macrophage phenotype was 

assessed using a combination of techniques, including morphological 

evaluation, surface marker expression and cytokine profiling. We 

observed that elastic PAAm promoted a pro-inflammatory macrophage 

phenotype, as evidenced by elevated TNF-α and IL6 secretion and an 

increased calprotectin-to-mannose receptor ratio. Significant differences 

in the cell morphologies were also observed, with macrophages being 

on the viscous substrate developing a higher area and a more elongated 

morphology. 

5.3 Results 

To investigate the influence of viscoelasticity on primary human 

macrophages, our aim was to engineer two hydrogel formulations with 

comparable chemical composition and stiffness, while differing 

specifically in their stress relaxation behaviour when undergoing 

identical strain conditions, as schematically represented in Figure 5.3.1. 

By adopting this design strategy, we sought to ensure that viscoelasticity 

would represent the only property varying between the samples, thereby 

allowing its specific contribution in driving macrophage polarisation to 

be studied. 

 

Figure 5.3.1 Schematic illustration of the targeted mechanical 

properties of the hydrogels designed to isolate and study the effects 

of viscoelasticity on macrophage behaviour. 
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Previous studies have demonstrated that changes in the type of 

crosslinking (ionic vs. covalent) can be used to obtain materials with 

different stress relaxation properties(297). However, introducing 

distinct molecules or chemical groups in only one of the formulations to 

achieve different relaxation properties inevitably alters the chemistry of 

the hydrogel. This constitutes a big limitation of such approach, as it is 

well established that material chemistry directly affects cellular 

behaviour. Consequently, the incorporation of new chemical species to 

tune stress relaxation introduces an additional variable, making it 

difficult to disentangle whether observed changes in cell responses are 

driven by differences in mechanical or chemical properties of the 

substrates. 

Other studies have also shown that variations in crosslinking density or 

molecular weight of polymers could determine differences in 

viscoelastic properties(323). Based on this evidence, we selected two 

pairs of ALMA hydrogel compositions - ALMA 2% and ALMA 4% - 

that exhibited comparable stiffness but differed in their degree of 

methacrylation, specifically low (10–20%) and high (20–40%). We 

hypothesised that these differences in methacrylation would result in 

distinct stress relaxation behaviours.  Contrary to our expectations, the 

stress relaxation data did not support this hypothesis, as both pairs of 

ALMA hydrogels showed no significant differences in their relaxation 

moduli G(t). As shown in Figure 5.3.2, the relaxation curves displayed 

highly similar profiles. 
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Figure 5.3.2 Normalised stress relaxation curves of ALMA 

hydrogels (2% and 4% w/v) prepared using low (LDM) and high 

(HDM) degrees of methacrylation. Data is presented as mean of 

triplicates ± SD (n=3). 

As it was not possible to achieve the desired viscoelastic properties with 

ALMA hydrogels, we shifted to an alternative material to further 

investigate the effect of stress relaxation on macrophages. Among the 

available polymers, polyacrylamide (PAAm) hydrogels were selected. 

Owing to their well-established mechanical tuneability and chemical 

versatility, PAAm hydrogels represent an ideal platform, as their 

properties can be precisely modulated by varying the total 

concentrations of acrylamide and bisacrylamide, as well as the ratio 

between these monomers, thereby enabling the generation of substrates 

with controlled stiffness and viscoelastic behaviour(183, 320, 322). 

Based on the work of Cameron A et al(205), we tried to reproduce two 

PAAm hydrogel formulations with the targeted mechanical properties: 

PAAm 8% (80:1), prepared with 8% (w/v) acrylamide and 0.1% (w/v) 

bis-acrylamide, and PAAm 15% (1200:1), prepared with 15% (w/v) 
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acrylamide and 0.0125% (w/v) bis-acrylamide. The gels were initially 

synthesised following the methodology reported in their study, which is 

summarised in the schematic shown Figure 5.3.3. 

 

Figure 5.3.3 Schematic illustration of the methodology used for the 

preparation of PAAm hydrogels: 8% (80:1) and 15% (1200:1). 

Stock solutions of acrylamide (40% w/v) and bis-acrylamide (2% w/v) 

were prepared by dissolving the powders in water overnight. 

Acrylamide and bis-acrylamide were subsequently mixed, and 

ammonium persulfate (APS, initiator) together with 

tetramethylethylenediamine (TEMED, catalyst) were added to initiate 

polymerisation. After thorough mixing, the solutions were dispensed 

into 12-well plates and left to crosslink for 30 minutes. Although both 

formulations underwent partial crosslinking, it was evident that this set-

up did not enable complete gelation, limiting the reproducibility of the 

manufacturing method. The resulting PAAm gels appeared liquid-like, 

unable to maintain their disk shape, and exhibited a “sticky” consistency 

(Figure 5.3.4A), all features indicative of incomplete crosslinking. This 

initial visual assessment was corroborated by amplitude sweep tests 

performed on PAAm 8% (80:1) (Figure 5.3.4B) and PAAm 15% 

(1200:1) (Figure 5.3.4C), which confirmed that the materials behaved 
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as extremely soft gels, with PAAm 15% (1200:1), showing comparable 

values of G′ and G′′. 

 

Figure 5.3.4 PAAm hydrogels prepared following the method of 

Cameron A. et al(205). (A) Representative images of PAAm hydrogels. 

Amplitude sweeps of PAAm (B) 8% (80:1) and (C) 15% (1200:1). Data 

is presented as mean of triplicates (n=3). 

Considering that crosslinking occurs through a radical reaction, we 

carefully examined all the variables that might have negatively 

influenced the progression of the reaction. A first aspect to consider was 

the presence of oxygen. Oxygen is a well-known radical scavenger, and 

due to its high reactivity, it can readily cross-react with free radicals. 
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This interaction can inhibit the propagation of the chain reaction and 

ultimately result in incomplete crosslinking(324). Another factor that 

might have played a role was the type of initiator used. In our system, 

APS was employed as a thermal initiator, which generates sulfate free 

radicals upon heating or in the presence of a catalyst, such as TEMED. 

The efficiency of this process is highly dependent on the surrounding 

conditions, particularly pH. Since the polymerisation was carried out in 

water, no buffer system was present to control the pH. As radical 

polymerisations require a basic environment to proceed efficiently, the 

presence of protons could have interfered with radical propagation, 

again resulting in incomplete crosslinking(325). A final variable that we 

considered was the source and solubility of the monomers. While 

commercial pre-made solutions of acrylamide and bisacrylamide were 

available, we prepared stock solutions starting from the powders of both 

monomers. During this process, we observed that bisacrylamide at 2% 

w/v was particularly difficult to dissolve. Although the solution 

appeared clear to the eye, it is possible that the solubility was not 

complete, which would have resulted in a lower effective concentration 

of crosslinker. 

To develop a consistent and reliable sample preparation method, we 

systematically investigated how these variables influenced the 

mechanical properties of the hydrogels. We prepared two PAAm gels at 

20% (19:1) and compared gels obtained from the pre-made solutions 

with those prepared from powder-derived stock solutions. This 

composition was intentionally chosen as we wanted to ensure that even 

at relatively high concentrations of acrylamide (19% w/v) and 
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bisacrylamide (1% w/v), the solubility of bisacrylamide did not have a 

tangible negative effect on reproducibility. 

Mechanical characterisation was performed by amplitude sweeps 

(Figure 5.3.5A), from which complex moduli were calculated as a 

measure of the hydrogels’ mechanical properties (Figure 5.3.5B). The 

results clearly showed that PAAm prepared from pre-made solutions had 

a complex modulus almost one order of magnitude higher than the 

corresponding gels obtained from dissolved powders. This large 

difference can reasonably be attributed to an effectively lower 

concentration of bisacrylamide due to limited solubility. Visual 

inspection of the hydrogels supported this interpretation (Figure 

5.3.5C): the gel prepared from powders appeared opaque white, 

suggesting incomplete dissolution, while the gel obtained from pre-
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made solutions was colourless and transparent, as expected from a 

homogeneous system. 

 

Figure 5.3.5 Comparison of PAAm 20% (19:1) hydrogels prepared 

from acrylamide and bisacrylamide powders versus pre-made 

solutions. (A) Amplitude sweep showing storage modulus (G′) and loss 

modulus (G′′) for the two formulations. (B) Complex moduli of PAAm 

20% hydrogels obtained from the two different starting materials. (C) 

Representative images of the hydrogels, highlighting the opaque 

appearance of the gel prepared from powders compared to the 

transparent gel obtained from pre-made solutions. 

Once established the solubility of bisacrylamide could compromise the 

mechanical properties of PAAm gels, pre-made solutions of acrylamide 

(40% w/v) and bisacrylamide (2% w/v) were used to prepare all 
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subsequent gels. To further improve reproducibility, all solutions were 

prepared in PBS to maintain a slightly basic pH. 

We then examined other parameters that could influence the mechanical 

properties of PAAm gels, focusing on the formulations 8% (80:1) and 

15% (1200:1). We tested three different degassing methods - nitrogen 

flushing (N₂), sonication (sonic), and sonication under vacuum (sonic + 

vac) - to remove dissolved oxygen from the solutions while leaving them 

to crosslink in air. Amplitude sweeps were performed (Figure 5.3.6A), 

and complex moduli were calculated (Figure 5.3.6B). Although no 

statistically significant differences were observed between samples, 
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sonication under vacuum appeared to yield hydrogels with higher 

complex moduli, particularly for PAAm 8% (80:1) (Figure 5.3.6C). 

 

Figure 5.3.6 Rheological characterisation of PAAm hydrogels 

prepared with different degassing methods. (A) Amplitude sweep 

showing storage modulus (G′) and loss modulus (G″) as a function of 

strain. (B) Complex moduli derived from Amplitude sweeps. (C) 

Experimental set-up of sonication under vacuum, which provided the 

most promising results. Data is presented as mean of triplicates ± SD 

(n=3). 

Despite the significant improvements achieved, PAAm 8% (80:1) and 

15% (1200:1) still exhibited significantly different complex moduli, as 

well as storage (G′) and loss (G″) moduli, from the values reported in 
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the literature. This prompted us to investigate additional variables that 

might have influenced the crosslinking process and, consequently, the 

mechanical properties of the gels. We prepared PAAm hydrogels by 

varying both the type of initiator - either APS with TEMED or Irgacure-

2959 - and the atmospheric conditions - the presence or absence of 

oxygen. Amplitude sweeps of PAAm 8% (80:1) and 15% (1200:1) were 

performed (Figure 5.3.7A), and complex moduli were calculated 

(Figure 5.3.7B). 

Among the factors examined, oxygen emerged as the most critical one. 

When comparing gels prepared with the same initiator under different 

atmospheric conditions, it became evident that the presence of oxygen 

had a strongly negative effect on gel formation. Specifically, the 

complex moduli of both PAAm formulations were significantly higher 

when crosslinking was performed in an oxygen-free environment, which 

we achieved using a glove box filled with argon, maintaining oxygen 

levels below 2000 ppm. Regarding the initiators, APS in combination 

with TEMED proved to be more effective than Irgacure-2959. 

Hydrogels prepared with APS consistently exhibited significantly higher 
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complex moduli compared to those obtained with Irgacure-2959, 

confirming its suitability for these formulations. 

Based on these findings, all subsequent PAAm hydrogels were degassed 

via sonication under vacuum and prepared in oxygen-free conditions 

using APS and TEMED. 

 

Figure 5.3.7 Rheological characterisation of PAAm hydrogels 

prepared with different initiators and polymerised either in air or 

in oxygen-free environment. (A) Amplitude sweeps showing storage 

modulus (G′) and loss modulus (G″) as a function of strain. (B) Complex 

moduli of the hydrogels, derived from amplitude sweep measurements. 

Data is presented as mean of triplicates ± SD (n=3). 

Given the similarity in the storage modulus curves (Figure 5.3.8A) and 

in the complex moduli (Figure 5.3.8B), PAAm 8% (80:1) and 15% 

(1200:1) were further characterised for their stress relaxation to 

determine their viscoelastic properties (Figure 5.3.8C). To better 

compare their relaxation rates, the absolute values were normalised by 

their initial values (Figure 5.3.8D), revealing that the two hydrogels had 

distinct viscoelastic properties, while having comparable stiffnesses. 

Specifically, PAAm 8% (80:1) displayed predominantly an elastic 

behaviour, whereas PAAm 15% (1200:1) exhibited a higher 
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viscoelasticity, with its relaxation modulus decreasing by approximately 

80% over the observation period. 

 

Figure 5.3.8 Rheological characterisation of PAAm 8% (80:1) and 

15% (1200:1) hydrogels. (A) Amplitude sweeps showing storage (G′) 

and loss (G″) moduli as a function of strain. (B) Complex moduli 

derived from amplitude sweep measurements. (C) Stress relaxation and 

(D) Normalised stress relaxation curves. Data is presented as mean of 

triplicates ± SD (n=3). 

Given that these two formulations exhibited the desired mechanical 

properties - comparable stiffness but significantly different stress 

relaxation - while maintaining only minimal differences in their 

chemical composition, they were selected as suitable candidates for 

investigating the effect of viscoelasticity on human primary 
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macrophages. To generate samples compatible with cell culture, the 

optimised “sandwich” methodology previously developed for ALMA 

hydrogels (Chapter 4) was adapted for PAAm hydrogels. The main 

modification consisted in degassing the precursor solutions and 

performing the crosslinking reaction under oxygen-free conditions as 

illustrated in the schematic represented in Figure 5.3.9. 

 

Figure 5.3.9 Schematic representation of the “sandwich” method for 

producing PAAm hydrogel films with controlled thickness on 

silanised coverslips. 

Samples were thoroughly washed with PBS (x 5) to remove any 

unreacted monomers that could contribute to cytotoxicity and 

subsequently sterilised under UV light (260 nm) for 40 minutes. 

Samples were incubated in penicillin–streptomycin (10x) for 24 hours, 

and then in complete RPMI medium for a further 24 hours to allow 

protein adsorption, a critical step to achieve cell attachment since PAAm 

does not naturally contain pro-attachment motifs. Human monocytes 

were isolated from buffy coats via positive selection and seeded at a 

density of 1 x 106 cells/mL. Cells were allowed to adhere for 24 hours, 

after which non-adherent cells were removed by media replacement, and 

the remaining adherent cells were cultured for 6 days to allow 

differentiation into macrophages. Cell viability was assessed using both 

Live/Dead (Figure 5.3.10A) and ToxiLight (Figure 5.3.10B) assays. 
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While Live/Dead assay provides a qualitative measure of viability, 

showing live and dead cells, ToxiLight assay evaluates metabolic 

activity, which is used a surrogate of cellular health status. Together, 

these assays confirmed that cells remained viable for 6 days of culture 

on both PAAm 8% (80:1) and 15% (1200:1) hydrogels, with no 

significant differences with M0 (Live), macrophages cultured on TCP. 

These results demonstrate that PAAm hydrogels provide suitable, non-

toxic substrates for the differentiation and long-term culture of human 

macrophages. 

 

Figure 5.3.10 Human primary macrophage viability on PAAm gels. 

(A) Fluorescent microscopy images of macrophages stained for Calcein-

AM (green – live cells) and Ethidium homodimer-1 (red – dead cells) at 

day 1 and day 6. Scale bar: 100 µm. (B) ToxiLight assay on macrophages 

cultured for 6 days on PAAm 8% (80:1) and 15% (1200:1). Positive 

control (M0 (Dead)) is purposely lysed macrophages. M0 macrophages 

cultured on tissue culture plastic (M0 (Live)) were used as negative 

controls. Data is presented as mean of triplicates of three independent 

experiments ± SEM (n=3, N=2). 

Brightfield imaging revealed that macrophages cultured on PAAm 15% 

(1200:1) tended to form aggregates, with “filament-like” extensions 
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emanating from the cell clusters, features that were not observed in 

macrophages on PAAm 8% (80:1) (Figure 5.3.11). 

 

Figure 5.3.11 Representative brightfield images of macrophages on 

day 6 cultured on PAAm 8% (80:1) and PAAm 15% (1200:1). 

To determine whether the filament-like structures were a feature of the 

material itself or were induced by cellular activity, we compared PAAm 

15% (1200:1) samples before and after incubation with media, both in 

the presence (Figure 5.3.12A) and absence (Figure 5.3.12B) of cells. 

Prior to incubation, the hydrogel surface appeared homogeneous. 

However, after 24 hours, the filamentous structures appeared, resulting 

in a non-uniform surface. We hypothesised that this phenomenon was a 

consequence of phase separation happening during the swelling, due to 

the low concentration of the crosslinking agent. This presented a 

significant limitation, as consistent material properties across the surface 
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are essential to attribute biological observations solely to viscoelasticity, 

which is intended to be the only varying parameter. 

 

Figure 5.3.12 Representative brightfield images of PAAm 15% 

(1200:1) hydrogels (A) with and (B) without macrophages, 

illustrating the formation of the filament-like structures. 

Another limitation we observed was the change in the hydrogel texture 

and mechanical properties after 6 days. As shown in Figure 5.3.13A, 

PAAm 15% (1200:1) became a liquid-like material, unable to retain its 

original shape, whereas PAAm 8% (80:1) (Figure 5.3.13B) remained 

structurally intact. The low BIS content in PAAm 15% (1200:1) resulted 

in a 4-fold increase in the hydrogel weight, corresponding to 

approximately 400% swelling (Figure 5.3.13C). In contrast, PAAm 8% 

(80:1) exhibited only ~8% swelling (Figure 5.3.13D), which did not 

compromise the integrity of the 3D network. This difference highlights 

the critical influence of crosslinking density on hydrogel stability during 

the culture period and represented a significant limitation for 
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mechanobiology studies, as uncontrolled swelling compromises the 

mechanical properties of hydrogels.  

 

Figure 5.3.13 Swelling behaviour of PAAm 8% (80:1) and 15% 

(1200:1). (A, B) Representative images of hydrogels after equilibration 

in PBS. (C, D) Swelling of PAAm hydrogels. Data is presented as mean 

of triplicates ± SD (n=3). 

Another aspect requiring optimisation was the stiffness of the PAAm 

hydrogels. Since the aim was to work with substrates that mimic the 

mechanical properties of soft tissues, the targeted stiffness range was set 

between 1 and 2 kPa. 

To identify formulations with the desired mechanical properties, a high-

throughput screening approach was used. It consisted in preparing 

several PAAm hydrogels where acrylamide concentrations and 
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acrylamide-to-bisacrylamide ratios were systematically varied, as 

reported in Table 5.3.1. 

Table 5.3.1. Compositions and concentrations of PAAm tested for 

their mechanical properties. 

ID Comp 
Acryl:Bis Ratio 

19:1 30:1 80:1 300:1 1200:1 100k:1 

15% 

Acryl 

(w/v %) 
/ 

14.516 14.815 

/ 

15 

/ 

BIS 

(w/v %) 
0.484 0.185 0.0125 

20% 

Acryl 

(w/v %) 
19 19.355 19.753 19.934 19.983 19.9998 

BIS 

(w/v %) 
1 0.645 0.247 0.066 0.017 0.0002 

ID Comp 

Acryl:Bis Ratio 

80:1 1200:1 2500:1 5000:1 7500:1 

30% 

Acryl 

(w/v %) 
29.630 29.975 29.988 29.994 29.996 

BIS 

(w/v %) 
0.370 0.025 0.012 0.006 0.004 

ID Comp 
Acryl:Bis Ratio 

10k:1 20k:1 40k:1 100k:1 

30% 

Acryl 

(w/v %) 
29.997 29.9985 29.99925 29.9997 

BIS 

(w/v %) 
0.003 0.0015 0.00075 0.0003 
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PAAm hydrogels were allowed to swell for 6 days, after which shape 

and texture were visually assessed. Samples that became liquid-like and 

were unable to retain the disc shape were excluded from further 

characterisation, while those maintaining solid-like properties were 

further characterised (Figure 5.3.14A). For these, amplitude sweeps 

tests were performed (Figure S3) to determine the linear viscoelastic 

region (LVE) and the complex moduli of all compositions (Figure 

5.3.14B). When comparing complex moduli across formulations, 

significant differences were observed between 15% (30:1) and both 15% 

(80:1) and 15% (1200:1), between 20% (19:10) and both 20% (1200:1) 

and 20% (100k:1), and between 30% (80:1) and 30% (100k:1). These 

formulations share similar acrylamide content but differ in BIS 

concentration, indicating that the crosslinker density is the main factor 

influencing network architecture and, consequently, mechanical 

properties. Not all compositions with different total monomer 

concentrations but identical acrylamide-to-BIS ratios exhibited 

significant differences in complex moduli. For example, 30% (80:1) 

showed a markedly higher modulus than 15% (80:1), whereas 15% 

(30:1) and 20% (30:1) were comparable. 
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Figure 5.3.14 Characterisation of PAAm hydrogel mechanical 

properties. (A) Examples of PAAm 20% hydrogels with varying 

acrylamide:BIS ratios that maintained structural integrity and were 

selected for mechanical testing. (B) Complex moduli of different PAAm 

hydrogels. Data is presented as mean of triplicates ± SD (n=3). 

To assess viscoelastic properties, stress relaxation tests were performed 

(Figure 5.3.15A). Relaxation curves were normalised to their initial 

relaxation modulus to allow direct comparison between formulations 

(Figure 5.3.15B). Among the tested compositions, 15% (80:1) displayed 

the most solid-like behaviour, with only ~20% reduction in modulus, 

whereas 30% (7500:1) exhibited the most pronounced viscoelasticity. 

However, these two formulations also differed significantly in complex 

moduli, making them unsuitable for decoupling the effect of stiffness 

from viscoelasticity. To specifically evaluate this property, it is 

necessary to compare hydrogels with similar stiffness, namely similar 
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storage moduli so that their elastic components (G′) are comparable, but 

they differ in the rate or extent of stress dissipation. This approach 

ensures that observed cellular responses can solely be attributed to 

viscoelasticity. 

 

Figure 5.3.15 Stress relaxation behaviour of PAAm hydrogels 

prepared with different compositions. (A) Absolute relaxation 

moduli, illustrating differences in relaxation magnitude among the 

formulations. (B) Normalised relaxation moduli, highlighting the 

relative decay over time. Data is presented as mean of triplicates (n=3). 

Among all tested formulations, PAAm 15% (80:1) and 20% (300:1) 

exhibited similar complex moduli, therefore comparable stiffness, but 

different relaxation properties, and were selected for further 

characterisation. To ensure that the mechanical properties were 

consistent across different preparation batches, the two formulations 

were re-prepared and fully characterised. Both amplitude (Figure 

5.3.16A) and frequency sweeps (Figure 5.3.16B) showed overlapping 

storage modulus (G′) curves, while the loss moduli (G″) indicated 

distinct contributions from the viscous components. To quantify these 

differences, G′ and G″ were extrapolated from frequency sweeps at 1 

Hz, a timescale relevant to cellular traction forces(205). As shown in 
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Figure 5.3.16C, G′ values were not significantly different, whereas G″ 

values differed significantly, confirming a difference in the viscous 

components between the two formulations. Complex viscosity (Figure 

5.3.16D) was also characterised and showed no significant differences. 

Stress relaxation was performed at 1% strain for ~15 minutes, 

parameters that were carefully chosen to simulate what cells undergo in 

physiological conditions. Cells can take from few seconds(326, 327) to 

up to 5 minutes(328) to generate and release tractional forces, timeframe 

that is comprised in our observations.  As shown in Figure 5.3.16E and 

Figure 5.3.16F, both formulations started with comparable relaxation 

moduli, confirming similar stiffness, but their relaxation profiles 

diverged: PAAm 15% (80:1) remained largely elastic, whereas PAAm 

20% (300:1) exhibited a ~70% decrease in modulus over the 15-minute 

observation period. 
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Figure 5.3.16 Rheological characterisation of PAAm 15% (80:1) and 

20% (300:1). (A) Amplitude Sweeps, (B) Frequency Sweeps, (C) 

storage (G’) and loss (G’’) moduli, (D) complex viscosity, (E) absolute 

and (F) normalised stress relaxation of selected PAAm hydrogels. 

Frequency sweeps and stress relaxation were performed within LVE 

region (1% strain) with hydrated samples at equilibrium. Data is 

presented as mean of triplicates ± SD (n=3). 
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In vitro swelling (Figure 5.3.17A) showed that both hydrogels reached 

equilibrium within 24 hours, consistent with the timeframe during which 

samples were incubated in media prior to cell seeding. PAAm 20% 

(300:1) exhibited greater swelling (~20% increase), despite a higher 

total monomer concentration compared to PAAm 15% (80:1), which 

swelled by ~10%. We hypothesise that the higher swelling of the 

viscoelastic PAAm is due to its lower BIS crosslinker content (0.066% 

w/v) compared to the elastic formulation (0.185% w/v). Despite these 

differences in swelling, both hydrogels retained a robust 3D network and 

solid-like properties, preserving their original shape (Figure 5.3.17B). 

To ensure that the two formulations differed only in their stress 

relaxation behaviour, we also characterised the porosity, surface 

topography, and chemical composition of PAAm 15% (80:1) and 20% 

(300:1) hydrogels. Mesh size was estimated using rubber elasticity 

theory(231) (Figure 5.3.17C) while scanning electron microscopy 

(SEM) was employed to assess network porosity (Figure 5.3.17D), a 

parameter known to influence cellular behaviour(202). Both mesh size 

quantification and SEM analyses indicated comparable porosity and 

network architecture. 
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Figure 5.3.17 Swelling, morphology and porosity of PAAm 

hydrogels. (A) Swelling equilibrium and (B) gross view of PAAm 15% 

(80:1) and PAAm 15% (300:1) discs after reaching the equilibrium 

swelling. (C) Mesh size quantification and (D) Scanning electron 

microscopy of the cross-section of the elastic and viscous PAAm 

hydrogels. Data is presented as mean of triplicates ± SD (n=3). 
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Environmental scanning electron microscopy (ESEM) and optical 

profilometry were performed to characterise the surfaces of PAAm 

hydrogels. Although ESEM images (Figure 5.318A) suggested similar 

surface features, quantitative roughness analysis revealed significant 

differences between the two formulations. Specifically, PAAm 15% 

(80:1) displayed lower surface roughness (Sa = 26.03 nm; Sq = 33.27 

nm) compared to PAAm 20% (300:1) (Sa = 40.3 nm; Sq = 50.7 nm) 

(Figure 5.318B). 

 

Figure 5.3.18 Topographical characterisation of PAAm hydrogels. 

(A) Representative environmental scanning electron microscopy 

(ESEM) images of hydrogel surfaces. (B) Quantitative analysis of 

surface roughness parameters, including arithmetical mean height (Sa) 

and root mean square height (Sq), obtained by optical profilometry. Data 

is presented as mean of triplicates ± SD (n=3). 

The surface chemistry was analysed by XPS (Figure 5.3.19A). 

Quantification of the integrated N 1s, C 1s, and O 1s peaks after 24 hours 
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of incubation in culture medium (Figure 5.3.19B-D) revealed no 

significant differences between the surfaces of the two hydrogels, 

indicating comparable protein adsorption and surface chemistry. While 

XPS reveals the elemental composition and relative abundance of 

surface species, it does not provide structural information. A deeper 

characterisation therefore necessitates the use of complementary 

techniques, like mass spectrometry. 

 

Figure 5.3.19 Chemical characterisation of PAAm hydrogel 

surfaces. (A) XPS wide-scan spectra of PAAm hydrogels following 24-

hour incubation in culture medium with 10% FBS. Quantification of (B) 

N 1s, (C) C 1s, and (D) O 1s peaks. Data is presented as mean of 

triplicates ± SD (n=3). 

After the mechanical characterisation, PAAm hydrogels were prepared 

and tested in vitro with human monocyte-derived macrophages 

following the workflow represented in Figure 5.3.20. 
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Figure 5.3.20. Schematic of the experimental workflow. Positive 

selection of monocyte, differentiation and characterisation of 

morphology, surface markers and cytokine profiling of macrophages.  

As shown by the Live/Dead assay at day 6 (Figure 5.3.21A), 

macrophages maintained high viability on both hydrogel formulations, 

demonstrating good biocompatibility and the absence of cytotoxic 

effects from residual monomers. These results were further supported 

by the AlamarBlue assay, which quantitatively confirmed comparable 

viability between cells cultured on PAAm hydrogels and those on TCP, 

used as controls (Figure 5.3.21B). Together, these findings validate 

PAAm 15% (80:1) and 20% (300:1) as suitable substrates for 

macrophage culture. 
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Figure 5.3.21 Human primary macrophage viability on PAAm 15% 

(80:1) and 20% (300:1) hydrogels. (A) Fluorescent microscopy images 

of macrophages stained for Calcein-AM (green – live cells) and 

Ethidium homodimer-1 (red – dead cells) at day 6. Scale bar: 100 µm. 

(B) AlamarBlue assay on macrophages cultured for 6 days. M0 

macrophages cultured on tissue culture plastic (M0 (Live)) were used as 

positive controls. Data is presented as mean of triplicates of three 

independent experiments ± SEM (n=3, N=3). 

To evaluate how hydrogel viscoelasticity influences macrophage 

activation status, monocytes (Day 1) and macrophages (Day 6) were 

stained for nuclei and F-actin to monitor morphology over the culture 

period. By day 6, cells displayed strikingly different shapes depending 

on the substrate the adhered to. In addition to these morphological 

differences, cells on the elastic substrate tended to cluster into 

aggregates, whereas macrophages on the viscoelastic substrate remained 

more evenly distributed across the hydrogel surface, as shown in Figure 

5.3.22A. Quantitative analysis performed with an automated software 

revealed that macrophages on elastic PAAm were less elongated, with 

an average eccentricity of ~0.71, whereas those on viscoelastic PAAm 

exhibited greater eccentricity (~0.75; Figure 5.3.22B), a parameter that 

stands for the cell elongation. Cell spreading was markedly enhanced on 
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the viscoelastic hydrogel, with an average area of ~404 μm², 

approximately double that of cells on the elastic PAAm (~198 μm²; 

Figure 5.3.22C). These findings indicate that stress-relaxing hydrogels 

promoted stronger cell–material engagement and more pronounced 

morphological adaptation, highlighting viscoelasticity as a key 

determinant of macrophage morphology. 

 

Figure 5.3.22 Human macrophage morphology on different PAAm 

hydrogels (A) Confocal microscopy images of monocyte (day 1) and 

macrophages (day 6) stained for nuclei (DAPI – blue) and F-actin 

(Phalloidin – cyan) at day 1and day 6. Scale bar: 20 µm. Quantification 

of (B) eccentricity and (C) area of macrophages at day 6. Data is 

presented as mean of triplicates of three independent experiments ± 

SEM (n=3, N=3). 

To further characterise macrophage phenotype, expression levels of 

calprotectin (pro-inflammation marker) and mannose receptor (anti-

inflammatory markers) were quantified by immunofluorescent staining. 

Imaging was performed on the same day for all samples, with green and 

red channel settings optimised on the brightest samples and kept 
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consistent throughout acquisition (Figure 5.3.23A). Calprotectin 

(green) and MR (red) fluorescence were quantified (Figure 5.3.23B). 

While MR expression was higher overall, no significant differences 

were observed between cells cultured on different hydrogels. In contrast, 

calprotectin was significantly higher in macrophages cultured on the 

elastic hydrogel (15% (80:1)). To enable donor-independent 

comparisons for future studies, the calprotectin-to-MR ratio was 

calculated (Figure 5.3.23C). Even though this ratio remained below 

one, indicating predominance of the anti-inflammatory marker, it was 

significantly higher in macrophages cultured on the elastic substrate. 

This suggested that a reduction in the viscous contribution promoted a 

shift towards a more pro-inflammatory, M1-like, phenotype. 
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Figure 5.3.23 Human macrophage polarisation characterised by 

surface markers on different PAAm hydrogels. (A) Confocal 

microscopy images of macrophages stained for pro- (calprotectin – 

green) and anti- (mannose receptor – red) inflammatory surface markers 

at day 6. Scale bar: 20 µm. (B) Quantification of mean fluorescence 

intensity of calprotectin and MR at day 6 (C) Ratio between calprotectin 

and MR fluorescent signals. Data is presented as mean of triplicates of 

three independent experiments ± SEM (n=3, N=3). 

Pro- (TNF-α, IL-6) and anti- (IL-10, CCL18) inflammatory cytokines 

release by macrophages cultured on PAAm 15% (80:1) and 20% (300:1) 
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were quantified by using sandwich ELISA (Figure 5.3.24) to further 

characterise macrophage phenotype. TNF-α and IL-6 secreted from cell 

cultured on PAAm 15% (80:1) were significantly higher compared to 

cells PAAm 20% (300:1), suggesting a shift towards a pro-inflammatory 

phenotype of macrophages cultured on the elastic substrate. In terms of 

anti-inflammatory cytokines, both IL-10 and CCL18 were not 

significantly different released, meaning that viscoelasticity did not 

seem to interfere with these anti-inflammatory cytokines. Overall, the 

cytokine profile supported the observation that elastic hydrogels induced 

a pro-inflammatory phenotype, whereas viscoelastic substrates showed 

a lower activation status since both pro- and anti-inflammatory 

cytokines were released in lower amounts. 
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Figure 5.3.24 Quantification of pro- (TNF-α, IL-6) and anti- (IL-10, 

CCL18) inflammatory cytokines secreted by macrophages at day 6. 

Data is presented as mean of triplicates of three independent 

experiments ± SEM (n=3, N=3). 

5.4 Discussion 

This chapter demonstrate that viscoelasticity, independent of stiffness 

and chemistry, plays a decisive role in regulating human primary 

macrophage–material interactions. Compared to previous works on 

macrophages and viscoelasticity, we used primary human macrophages 

and specifically investigated how they respond to hydrogel 

viscoelasticity characterised by significant stress relaxation, which has 

direct implications for designing implantable materials to minimise the 
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FBR. We developed two PAAm formulations with similar initial 

relaxation moduli and chemical compositions, but one is elastic and the 

other is viscoelastic as shown in their stress relaxation profiles. PAAm 

15% (80:1) showed an elastic behaviour, while PAAm 20% (300:1) 

showed pronounced viscoelastic properties evidenced by enhanced 

stress relaxation. These two hydrogels had comparable porosity, mesh 

size, surface chemistry, and protein adsorption, but differed in surface 

roughness. Although this difference (~14 nm) is on a scale similar to 

integrin dimensions (~28 nm)(329), it did not alter protein adsorption. 

Considering the relatively small magnitude of the difference in 

topography, it is more plausible that the viscoelastic properties of the 

gels serve as the dominant regulator of macrophage responses, with 

nanoscale roughness playing only a secondary role. Supporting this 

interpretation, a recent study on macrophage polarisation showed that 

surfaces differing by ~12.8 nm in roughness - comparable to our findings 

- did not induce significant release of TNF-α, IL-1β, arginase, or IL-4 at 

day 7(330). 

Macrophages cultured on the viscoelastic substrate spread more 

extensively and showed greater eccentricity, indicating enhanced 

interaction with the substrate. In contrast, cells grown on PAAm 15% 

(80:1) were smaller and tended to form clusters. Phenotypic 

characterisation further showed that macrophages on the elastic PAAm 

adopted a more pro-inflammatory phenotype, with higher calprotectin 

expression and increased secretion of TNF-α and IL-6, while anti-

inflammatory cytokine secretion remained unaffected. Together, these 

findings demonstrate that stress relaxation alone is sufficient to 

modulate human macrophage phenotype, with viscoelastic substrates 

favouring a less inflammatory response and elastic substrates promoting 

a pro-inflammatory response. 
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Our work used human monocyte-derived macrophages which have not 

been used in previous studies on viscoelasticity. Previous studies using 

immortalised and non-human macrophages have reported outcomes 

broadly consistent with this present work, with viscoelasticity driving 

morphology, phagocytosis, and inflammatory responses. However, their 

translational relevance has remained uncertain due to the limitations of 

relying on immortalised cell lines or murine cells rather than primary 

human macrophages(331-333). By working with primary human cells, 

we directly address this gap and highlight viscoelasticity as a key 

determinant of macrophage function in contexts relevant to FBR. 

However, contradictory findings - including and extending beyond 

macrophage-focused studies - have also been reported. Such variability 

likely reflects differences in how viscoelasticity was introduced and 

characterised. In many cases, changes in relaxation were accompanied 

by differences in chemical composition(209, 214)  or  in the initial stress 

values(284, 317, 334), indicating concomitant changes in chemistry or 

stiffness that complicate the attribution of observed responses solely to 

viscoelasticity(335, 336). Furthermore, some studies  on 

macrophages(284, 285, 334), as well as on other cell types(205-207, 

212, 214, 284, 285, 334), performed rheological characterisation before 

hydrogels reached equilibrium swelling meaning that the reported 

mechanical properties may not fully capture the environment 

experienced by cells. In some studies, there is also the tendency to 

conflate stress relaxation with storage and loss moduli, or to attribute 

biological effects to viscoelasticity when stiffness was the parameter that 

differed(334). To the best of our knowledge, this is the first study to 

demonstrate that stress relaxation alone modulates phenotype in primary 

human macrophages, independent of stiffness and chemistry as we 

compared stress-relaxing and elastic hydrogels with comparable 

stiffness and chemistry.  
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In addition to the use of primary human monocyte-derived 

macrophages, another key contribution of our study is the alignment of 

hydrogel relaxation dynamics with cellular traction forces. To accurately 

interpret cell–material interactions, it is important to match hydrogel 

relaxation timescales with those of cellular traction forces, typically 

occurring within 20 s to 5 min(205, 328, 337). The molecular clutch 

model provides an explanation on how integrins and associated proteins 

interact with actin, producing traction forces that depend on the substrate 

stiffness(338, 339). Stress relaxation introduces an additional layer of 

complexity as the viscoelasticity of hydrogels can be seen as a dynamic 

process of clutch engagement and traction forces generation between 

cells and the material, involving maturation of protein adhesions, 

mechanotrasduction and eventually material remodelling(297). Even 

though actin cytoskeleton reorganisation occurs within seconds(340), 

cell spreading equilibrates over minutes(341). Hydrogels that relax too 

quickly (<5 s) fall outside this biologically relevant window. Some 

studies have also just relied on the quantification of G’ and G’’ to 

determine materials’ viscoelasticities(210), which do not provide 

information on stress relaxation under sustained deformation. By 

engineering hydrogels that diverged in their relaxation profiles 

specifically within this timescale, we ensured that the observed 

macrophage responses reflected physiologically meaningful mechanical 

interactions.  

While this study overcomes several limitations of prior work, some 

challenges remain. First, we relied on a 2D culture model. In vivo, 

macrophages interact with three-dimensional, heterogeneous 

environments; therefore, extending these findings to 3D systems will be 

important for future studies. Although PAAm is well-suited to 

fundamental mechanobiology studies, it is not appropriate for cell 

encapsulation due to monomer toxicity. Translation of these principles 
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into biocompatible hydrogel will therefore be required. Moreover, while 

we demonstrated that viscoelasticity shapes macrophage morphology 

and cytokine secretion, the molecular pathways linking stress relaxation 

to polarisation remain unclear. Future work should probe 

mechanosensitive pathways such as integrin signalling, actin dynamics, 

and downstream transcription factors to identify how time-dependent 

mechanics influence inflammatory responses. Finally, our experiments 

captured early macrophage responses, but the FBR evolves over weeks 

and involves macrophage fusion, fibroblast recruitment, and fibrotic 

encapsulation. Long-term studies will be critical to establish how 

viscoelasticity influences these later stages. 

Despite these limitations, our findings contribute tangibly to the advance 

of our understanding on macrophage-materials interactions, particularly 

with material viscoelasticity.  By demonstrating that stress relaxation 

directs human macrophage phenotype, we have helped establishing 

viscoelasticity as a design principle for immunomodulatory 

biomaterials. Specifically, hydrogels engineered with relaxation 

timescales comparable to the kinetics of cellular traction forces may 

dampen macrophage-driven inflammation and reduce implant-

associated FBR. 

5.5 Conclusion 

In conclusion, our study demonstrates that hydrogel viscoelasticity, 

independent of stiffness and chemistry, is a critical regulator of human 

macrophage behaviour. By comparing two polyacrylamide formulations 

with matched stiffness but distinct stress-relaxation profiles, we show 

that viscoelastic substrates promote greater macrophage spreading and 

elongation, while elastic hydrogels elicit a more pro-inflammatory 

phenotype, characterised by elevated calprotectin expression and 
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increased TNF-α and IL-6 secretion. These findings highlight that time-

dependent stress relaxation, rather than static stiffness or chemical 

composition, governs macrophage responses. Importantly, our approach 

overcomes common confounders in prior studies, including differences 

in chemistry, mechanical testing conditions, and non-physiological 

relaxation timescales, providing a biologically relevant assessment of 

cell–material interactions. By using primary human macrophages, our 

results offer translational insight into designing implantable materials 

that minimise the foreign body reaction, emphasising the necessity of 

incorporating viscoelastic properties alongside stiffness in biomaterial 

design strategies.
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Chapter 6. Conclusions & Future Work 

6.1 Final Discussion & Conclusions 

The work presented in this thesis set out to understand how hydrogel 

mechanical properties can be designed to modulate macrophage 

behaviour, with the broader goal of identifying strategies to minimise 

the FBR. In contrast to much of the existing literature, which has 

predominantly investigated biomaterial-immune interactions on 

relatively stiff substrates, this thesis provides a systematic analysis of 

how variations in stiffness within soft tissue-relevant ranges, together 

with viscoelastic properties tuned to biological timescales, regulate 

human macrophage responses. A central theme that emerges from this 

work is that macrophage phenotype is not determined by a single 

property, but multiple features can affect monocyte differentiation and 

macrophage polarisation. The inconsistencies reported in the literature 

regarding macrophage responses to hydrogel mechanical and chemical 

properties can be largely attributed to simultaneous changes in multiple 

experimental variables. Material chemistry can deeply influence protein 

adsorption and integrin engagement, thereby affecting downstream 

signalling. Even minor chemical modifications can substantially change 

the overall material chemistry. For example, adjusting mechanics 

through ionic versus covalent crosslinking inherently alters the chemical 

environment sensed by cells but it is often overlooked. Mechanical 

properties are often summarised as stiffness, while important factors 

such as viscoelasticity and complex viscosity are frequently not 

considered. Cell source is another critical factor. Many studies use 

murine cells or immortalised cell lines, which differ from human 

monocyte-derived macrophages in integrin expression, 
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mechanosensitivity, and cytokine profiles, limiting the translational 

relevance of the findings. Ligand presentation and surface density of 

pro-attachment motifs vary widely across studies, influencing adhesion 

strength and downstream signalling. Without careful control of these 

parameters, differences in macrophage responses may be mistakenly 

attributed to mechanical cues. 

By systematically disentangling these parameters and working with 

primary human macrophages, this work brings new insights for the 

design of immunomodulatory biomaterials, while also exposing 

limitations and challenges that must be addressed to achieve clinical 

translation. 

The first part of this work, discussed in Chapter 3, focused on optimising 

ALMA hydrogel preparation to ensure reproducible and stable systems 

for biological studies. Rheological studies revealed that stiffness was 

primarily determined by polymer concentration, whereas the degree of 

methacrylation significantly affected mechanical properties at ALMA 

concentrations above 6% w/v. Moreover, the optimisation demonstrated 

the versatility of ALMA hydrogels for surface functionalisation via 

EDC/NHS chemistry, enabling covalent conjugation of proteins and 

peptides. Together, these methodological refinements established a 

reliable platform for studying the effect of surface chemistry and 

stiffness on human monocyte-derived macrophages. 

Initial experiments, presented in Chapter 4, examined the effect of 

surface chemistry by functionalising ALMA hydrogels with varying 

degrees of GRGDSP substitution. Although higher levels of GRGDSP 

functionalisation appeared to reduce pro-inflammatory responses, 

comparison between modified and unmodified ALMA hydrogels of 

different stiffnesses revealed that stiffness exerted a more dominant 
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influence on macrophage polarisation, with stiffer matrices generally 

suppressing activation and cytokine release. We hypothesise that, 

although GRGDSP-modified hydrogels exhibited significantly reduced 

protein adsorption, the residual adsorption remained sufficient to mask 

the effects of the chemical modification and was therefore insufficient 

to drive macrophage responses. 

After optimising sample preparation for cell culture, three HDM ALMA 

formulations (2%, 4%, and 6%) were selected to investigate the effect 

of stiffness. These compositions spanned a stiffness range of ~0.25 to 

~4.5 kPa, reflecting the mechanical properties of various soft tissues 

such as lens (0.2–0.8 kPa), thyroid (1.3 kPa), pancreas (1.1 kPa), lung 

(1.5 kPa), adipose tissue (1.6 kPa), liver (2 kPa), brain (1 kPa), and 

kidney (4–5 kPa)(273). Even modest increases in stiffness produced 

striking differences in macrophage morphology, marker expression, and 

cytokine secretion. On the stiffest substrates, macrophages adopted a 

more elongated morphology, exhibited higher calprotectin-to-mannose 

receptor ratios, and secreted increased levels of TNF-α and IL-6, 

indicative of a pro-inflammatory phenotype. These findings are 

significant because much of the existing literature defined “soft” 

hydrogels at stiffnesses that remain substantially higher than those of 

many physiological tissues. Beyond extending the knowledge of 

stiffness-driven immune modulation, these insights carry translational 

importance for biomaterial design in soft tissue environments, where 

even small increases in modulus may be sufficient to activate 

inflammatory pathways. 

While stiffness is a potent regulator of macrophage function, it is not 

sufficient on its own to fully explain cell–material interactions and must 

be considered alongside other mechanical properties. For this reason, 

Chapter 5 investigated viscoelasticity as an independent regulator of 
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macrophage behaviour. To isolate this variable, PAAm hydrogels were 

engineered with comparable chemistries and stiffness but distinct stress 

relaxation profiles. Macrophages cultured on viscoelastic substrates 

spread more extensively and exhibited reduced activation compared to 

those on elastic substrates, which displayed a more M1-like phenotype, 

characterised by elevated calprotectin expression and increased 

secretion of TNF-α and IL-6. These findings demonstrate that stress 

relaxation alone is sufficient to alter macrophage polarisation. 

Importantly, the relaxation timescales were tuned to fall within the 

biologically relevant window of cellular traction forces (20 s to 5 min), 

thereby avoiding artefacts associated with materials that relax too 

quickly or too slowly. This rigorous approach helps resolve 

inconsistencies in the existing literature, where variations in stiffness, 

chemistry, or non-physiological conditions have often confounded 

interpretation. Collectively, the results provide clear evidence that 

viscoelasticity, independent of stiffness or chemistry, can modulate 

human macrophage phenotype. The use of primary human macrophages 

further strengthens the translational relevance of these findings, in 

contrast to much of the prior work that relied on murine or immortalised 

cells, which do not accurately capture human immune responses. 

Taken together, the results presented in this thesis demonstrate that 

macrophage responses are governed by a nuanced interplay between 

mechanical and chemical properties. Within a single hydrogel system, 

modulation of surface chemistry through variations in pro-adhesive 

ligand density, in the absence of changes in mechanical properties, did 

not significantly alter macrophage phenotype. While this suggests that 

mechanical cues may dominate, chemical properties cannot be 

completely disregarded. When comparing ALMA 4% and PAAm 20% 

(300:1) hydrogels, biomaterials with comparable mechanical properties 
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but completely different chemistries, macrophages exhibited different 

degrees of elongation, indicating that chemical features also contribute 

to how cells engage with and respond to biomaterials. Notably, 

macrophages cultured on ALMA hydrogels showed higher release of 

both pro- and anti-inflammatory cytokines, reflecting an overall 

heightened immune activation compared to PAAm. A key 

distinguishing factor between these materials is ionic charge, which is 

negative in ALMA and neutral in PAAm. This difference can influence 

protein adsorption and the formation of the cell-material interface, 

thereby modulating integrin binding and adhesion strength, and 

ultimately affecting cell morphology and activation. Collectively, these 

findings emphasise that, although mechanics may act as the primary 

driver, chemical properties define the context in which cells sense and 

respond to mechanical cues. These insights highlight the importance of 

simultaneously tuning mechanical and chemical parameters when 

designing biomaterials to achieve predictable and controlled 

immunomodulatory outcomes, with softer, viscoelastic, and more 

chemically inert substrates appearing to elicit a comparatively reduced 

immune response. 

Despite these advances, limitations of the present work must be 

acknowledged. The experiments were all conducted in 2D systems, 

whereas macrophages in vivo interact with three-dimensional, 

heterogeneous environments. Findings from 2D studies on substrate 

mechanics offer important guidance and serve as a fast and cost-

effective in understanding the fundamentals behind more complex 

systems. While 2D analysis offers high speed and simplicity, moving 

towards 3D systems will be essential to fully capture how viscoelasticity 

and stiffness shape immune responses in tissue-like contexts. By 

applying the mechanical insights from this work, 3D scaffolds can be 
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designed with the understanding that stiffer and more elastic gels 

promote macrophage elongation and pro-inflammatory activation, 

highlighting the importance of carefully tuning stiffness and 

viscoelasticity to regulate inflammatory responses in soft tissue 

applications. Furthermore, our studies focused on early macrophage 

responses, but the FBR unfolds over weeks and involves additional 

processes such as macrophage fusion, fibroblast recruitment, and 

fibrotic encapsulation. Whether the modulatory effects of viscoelasticity 

observed here persist during these later stages remains to be determined. 

Material choice also presented a limitation. Since ALMA hydrogels with 

varying degrees of methacrylation did not exhibit differences in stress 

relaxation, the study of viscoelasticity was conducted using PAAm 

hydrogels. Although PAAm is highly tuneable and well suited for 

fundamental mechanobiology studies, it is unsuitable for cell 

encapsulation or clinical application due to monomer toxicity. 

Therefore, translating these principles into biocompatible and clinically 

relevant hydrogel systems represents a critical next step. Finally, 

although surface chemistry was characterised, the influence of adsorbed 

protein layers remains an inherently variable factor in vitro and in vivo, 

and further work is needed to systematically understand the interplay of 

chemistry and mechanical properties to direct immune responses. 

Taken together, this thesis demonstrates that both stiffness and 

viscoelasticity are powerful regulators of macrophage responses to 

biomaterials. It extends current understanding by showing that 

macrophage polarisation can be induced at physiologically relevant 

stiffnesses, and that stress relaxation alone modulates their phenotype 

independently of stiffness and chemistry. These insights are directly 

relevant for the design of immunomodulatory biomaterials, suggesting 

that engineering hydrogels with physiologically mimicking stiffness of 

soft tissues and matching biological relaxation timescales could 



Chapter 6 

177 

attenuate inflammatory activation and reduce FBR, eventually reducing 

implant rejections. While further work is required to translate these 

insights into 3D and long-term contexts, the advances presented here 

represent an important step toward the rational design of 

immunomodulatory biomaterials. 

6.2 Future Work 

Building on the findings of this thesis, a key direction for future research 

is the extension of hydrogel studies from 2D culture systems to 3D 

models that more accurately capture the structural and mechanical 

complexity of native tissues. While the present work systematically 

decoupled stiffness, viscoelasticity, and surface chemistry in 2D, 

macrophages in vivo encounter multidimensional environments with 

dynamic mechanical cues, extracellular matrix interactions, and the 

presence of other cell types. Developing 3D hydrogel systems with 

independently tuneable mechanical and biochemical properties, 

combined with co-culture models incorporating fibroblasts, would 

provide a more physiologically relevant platform to investigate how 

macrophages sense and integrate stiffness and viscoelasticity in three 

dimensions, as well as how crosstalk with fibroblasts influences their 

behaviour. Such approaches would also clarify whether the trends 

identified in 2D extend to more complex and tissue-like contexts. 

Future studies should also address the role of the adsorbed protein layer, 

which remains highly variable and unknown. While the hydrogel surface 

chemistry was characterised, factors such as protein conformation and 

ligand presentation may critically influence how macrophages sense 

underlying material properties. Systematic investigations, combining 

controlled surface chemistry with protein adsorption analysis through 

approaches such as proteomic profiling, will be essential to elucidate 
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how protein identity, conformation, and surface density interact and 

regulate biological activities. Such insights will clarify the contribution 

of adsorbed proteins to macrophage–material interactions and guide the 

design of biomaterials with surfaces that actively promote favourable 

immune outcomes. 

Another limitation of this work that should be addressed in future studies 

is that mechanical characterisation is primarily based on bulk 

rheological measurements, which do not fully capture the properties 

sensed by cells at the material interface. While bulk stiffness provides 

valuable insight into hydrogel mechanical properties, cell responses are 

also strongly influenced by surface mechanics, ligand presentation, and 

affinity of peptides and proteins in creating a “tight” or “loose” 

interactions with hydrogel surface, which together define the local 

microenvironment. Factors such as surface stiffness, pro-attachment 

motifs mobility like RGD, as well as their density and organisation can 

modulate integrin engagement and downstream mechanotrasduction 

pathways, ultimately affecting macrophage behaviour. Therefore, the 

observed cellular responses likely arise from a combination of bulk and 

interfacial properties, and future studies should aim to decouple these 

contributions using complementary techniques to achieve a more 

comprehensive understanding of cell-biomaterial interactions. 

Finally, to bridge the gap between in vitro mechanistic studies and 

clinical relevance, optimised hydrogel formulations should be tested in 

animal models. Such studies would assess whether reduced pro-

inflammatory activation in vitro corresponds to improved tissue 

integration, decreased fibrosis, and long-term biocompatibility in vivo. 

Insights gained from these investigations would inform the rational 

design of next-generation immunomodulatory biomaterials, enabling 

the development of implants that actively promote tissue homeostasis 
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and minimise chronic inflammation. Together, these efforts would 

provide a comprehensive framework for translating fundamental 

mechanobiology findings into practical biomaterial strategies for 

clinical applications.
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Appendix 

 

Figure S1 Endotoxin standard curve. Data is presented as mean of 

triplicates ± SD (n=3). 
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Figure S2 ELISA standard curves. (A) TNF-α, (B) IL-6, (C) IL-10, 

and (D) CCL18. Data is presented as mean of triplicates ± SD (n=3). 
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Figure S3 Amplitude sweeps of PAAm hydrogels. Data is presented 

as mean of triplicates ± SD (n=3). 
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